V 


AO-A055  177 
UNCLASSIFIED 


OPTICAL  SCIENCES  CO  PLACENTIA  CA  F/6  17/8 

ADAPTIVE  compensation  TECHNIQUES. (U) 

MAY  78  D L FRIEO»  E J SCH0NHEIN2»  R B ASHER  F30602-77-C-0099 
dr-105  RADC-TR-78-101  NL 


AD 

A065I77 

■ 

• 

1, 

ti 

■ 

r,  1 

► 

. L- 

iH! 

1 J 1 

! ■ 

( 

AD  NO. 

ODC  FILE  COPY  AD  A 0 5 5 1 7 7 


ADAPTIVE  COMPENSATION  TECHNIQUES 

Dr.  David  L.  Fried 
Emil  J . Schonhelnz 
Professor  Robert  B.  Asher 

The  Optical  Sciences  Company 


THIS  DOnWWTT  PF'JT  QU*7jTTY  P5^ACTlCABIfi^' 

jpw  T-ijj  J’T n T'C  Tii^  CONTAINED  A J 
STGKIFIC  01'  PLCio  SHICH  DO  NOZ 

E£i!FavO'1^w'£/w-' _ 1' 


Approved  for  public  release;  distribution  unlimited. 


ROME  A(R  DEVELOPMENT  CENTER 

Air  Force  Sysfems  Command 

Griff i$$  Air  Force  Base,  New  York  13441 


78  06  14  010 


This  report  contains  a large  percentage  of  machine-produced  copy  which 
Is  not  of  the  highest  printing  quality  but  because  of  economical  consideration. 
It  was  determined  In  the  best  Interest  of  the  government  that  they  be  used 
In  this  publication. 

Si,  This  report  has  been  reviewed  by  the  RADC  Information  Office  (01)  and  Is 
releasable  to  the  Hatlonal  Technical  Information  Service  (NTIS).  At  NTIS  It 
will  be  releasable  to  the  general  public.  Including  foreign  nations. 

RADC-TR-78-101  has  been  reviewed  and  Is  approved  for  publication. 


ROBERT  P.  06R0DNIK 
Project  Engineer 


APrao»ED=  p 

JOSEPH  L.  RYERSON 
Technical  Director 
Surveillance  Division 


Acting  Chief,  Plans  Office 


If  your  address  has  changed  or  If  you  wish  to  be  removed  from  the  RADC 
mailing  list,  or  If  the  addressee  Is  no  longer  employed  by  your  organization, 
please  notify  RADC  (OCTM)  Griff Iss  AFB  NY  13441.  This  will  assist  us  In 
maintaining  a current  mailing  list. 

Do  not  return  this  copy.  Retain  or  destroy. 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DDC  CONTAINED  A SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


UHCLASSIFIED 

SeCURITV  CUASSIFICATION  OF  THIS  PACE  f1Wi«n  Dmt*  Enl»f«4) 


REPORT  DOCUMENTATION  PAGE 


READ  instructions 
BEFORE  COMPLETDiC  FORM 


^C#^78-l^ 


2.  GOVT  ACCESSION  NO, 


S.  RECIPIENT'S  CATALOG  NUMBER 


ADAPTIVE  COMPENSATION  TECHNIQUES , 


77  - Feb  78  J 1 

■ UhL  iHLUUHl  IfUUHH 


Emil 


— — 

J • /schonhelnz^  \ ^ ^ 

. Rbbert  B.|  Asher  V)5  i3^6(|2-77-C-^^99  \ 


NUMBER^!; 


PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 


The  Optical  Sciences  Company^ 
P 0 Box  446 

Placentia  CA  92670 


PROJECT,  TASK 
LUMBERS 

1 


II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Rone  Air  Development  Center  (OCTM) 
Grlfflss  AFB  NY  13441 


U.  MONITORING  AGENCY  NAME  » ADORES 


Sane 


\ESSfl^tUUrmt  from  ControUtng  OfUc*) 

(Wpn 


IS.  SECURITY  CLASS,  Chia  r«porf; 


UNCLASSIFIED 


Ts«rO^LASSIFlCATlON/ downgrading 
SCHEDULE 


IS.  DISTRIBUTION  ST ATEMEN T Cof  (hi.  R*parlJ 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  (h*  ah.lr.cl  MilM.d  In  Block  20,  II  dlli.reni  horn  Raport) 

Same 


IB.  SUPPLEMENTARY  NOTES 

RADC  Project  Engineer:  Robert  F.  Ogrodnlk  (OCTM) 


19.  KEY  WORDS  fCondnu.  on  ravataa  .Id.  II  nacaaamry  and  Idantlly  by  hlock  nuinb«r; 

Long  Range  Tracking 
Adaptive  Optics 
Target  Scattering 
Optimal  Estimation 


20.  ABSTRACT  (Continum  on  ravaraa  tido  It  n«c«*a«ry  and  Idontlty  by  block  numbor; 

■This  report  Is  the  final  technical  report  on  work  performed  on  Contract 
F30602-77-C-0099,  and  covers  all  work  done  under  this  contract.  This 
report  presents  analysis,  a set  of  computer  simulation  programs,  and  a 
set  of  simulation  results  that  demonstrate  that  an  adaptive  compensation 
pointing  and  tracking  servo  loop  can  be  closed  In  a long  range  space  engage- 
ment that  permits  high  servo  bandwidth  tracking  performance  with  point-ahead 
and  boreslght  error  compensation  that  adapts  to  Insure  that  the  laser  spot 


DD 


FORM 


EDITION  OF  I NOV  BS  IS  OBSOLETE 


UNCLASSIFIED 


CimiTY  CLASSIFICATION  OF  THIS  PAGE  r*h.n  Data  Entarad) 


06  j /.  r 1 ( 


UMOASSiriED 

SCCUWiTV  CL»SSIFIC»TION  0^  THIt  PAOtOThm)  Dmim  fclftwQ 


13  Held  on  the  desired  aimpolqt.  A laser  sncr.  -'.-'s  t.o’-  - >rJr,ui  based 
m iixploitation  of  speckle  statistics  Is  uc'-eloper;  that  . . v fic  true 
laser  spot  position  to  be  sensed  and  compensated  fo:  or  -.rt 

a slint  point  (even  a strong  glint  point)  is  ptef^prr  . Simulatior  resul 
demonstrate  the  perfomance  at  the  concept  and  lead  to  the  conci'iston 
that  the  technique  should  be  applicable  «rlth  ext  ension . .-'l^hcr  r-)er 
adaptive  optics  control  probleas  - thus  providing  nlg.h  ^crvo  handv; ttn 
oerfomance  together  with  cosipensatlon  for  a;  y bias  e.ri  or  - 


DISTRIBUTIOR/AVitlUIIUTT  CODS 
AVaTl  tii/V  SfECIAL 


security  Ci,*i  .1 


1 ACCESSIM  tS’  1 

NTIS 

miltl  SKfla  Jf 

DDC 

m SMMi  □ 

WAANOUACEB 

□ 

jUSTIFICATIOR ... 

. 

TABLE  OF  CONTENTS 


Chapter  Section 

Title 

Page 

Overview  and  Summary 

1 

1 

Adaptive  Compensation  Baseline  Optical 
System  Concept  ’ ^ 

s 

1.  1 

Baseline  System  Concept 

9 

2 

Modeling  the  Basic  Engagement  Scenario 
for  ACT 

16 

2.  1 

Introduction 

17 

2.2 

Basic  Engagement  Geometry 

18 

2.3 

1 

Gimbal  Angle  and  Target  Track  Error 

Signal 

21 

2.4 

Gimbal  Servo  Computation 

24 

2.5 

Laser  Miss  Distance 

27 

2.6 

Computer  Simulation 

29 

Appendix  to  Chapter  2 

45 

3 

Outer  Loop  Control  of  Laser  Pointing 

Bore  sight  Error 

60 

3.  1 

Introduction 

61 

3.2 

Inner  Loop/Outer  Loop  Servo  Considerations 

63 

3.3 

Ideal  Sensor  Bias  Control  Servo  Simulation 

68 

Appendix  to  Chapter  3 

96 

4 

Diffuse  Backscatter  Focal  Plane  Statistics 
for  a Laser  Transmitter/Receiver 

103 

4.  1 

Introduction 

104 

4.2 

Encounter  Geometry 

106 

4.3 

Surface  Roughness  Statistics 

109 

4.4 

Propagation  Formulation 

112 

4.5 

Point-Intensity  Statistics 

116 

4.6 

Evaluation  With  a Gaussian- Taper  Aperture 

126 

78  0 6 14 

0 

Table  of  Contents  (Continued) 


Section 

Title 

_P^ 

Laser  Transmitter/Receiver  Sensor 
Difinition  and  Signal  Simulation 

134 

5. 1 

Introduction 

135 

5.2 

Focal  Plane  Array  Definition 

137 

5.3 

Glint  Return 

140 

5.4 

Array  Output  Simulation 

144 

Simulation  of  Random  Laser  Backscatter 

155 

6.  1 

Introduction 

156 

6.2 

System  and  Engagement  Parameters 

158 

6.3 

Synopsis  of  the  Required  Backscatter 
Statistics 

165 

6.4 

Generation  of  the  A- Quantities 

168 

6.5 

Sample  Results 

172 

Appendix  to  Chapter  6 

229 

Outer  Loop  Laser  Boresight  Error  Control 
By  Sensing  the  Backscatter  Signal 

243 

7.  1 

Introduction 

244 

7.2 

Separation  of  Diffuse  and  Glint  Returns 

247 

7.3 

Laser  Spot  Position  Estimation 

253 

7.4 

Boresight  Error  Control  Simulation 

256 

Appendix  1 to  Chapter  7 

338 

Appendix  U to  Chapter  7 

346 

Addendum  on  Adaptive  Estimation  for 

ACT  Signal  Processing 

355 

A.  1 

Introduction 

357 

A.  2 

Problem  Statement 

359 

A.  3 

Measurement  Models 

360 

A. 4 

State  Space  Realization 

363 

A.  5 

Adaptive  Estimator 

370 

A.  6 

Conclusions 

378 

References  for  Addendum  Section 

379 

iv 


LIST  OF  FIGURES 


Figure  No. 

Title 

1.  1 

Block  Diagram  of  the  Major  Components  of 
the  Adaptive  Compensation  Laser  Pointing 
and  Tracking  System. 

14 

1.2 

Block  Diagram  of  the  Internal  Arrangement  of 
the  Track  and  Boresight  Sensor. 

15 

2.  1 

Basic  Engagement  Geometry. 

31 

2.2 

Servo  Block  Diagram. 

32 

3.  1 

Local  Inner  Servo  Imbedded  in  a R/T  Delayed 
Outer  Servo  Loop. 

71 

3.2 

Laser/Target  Miss  Distance  Without  Bias  Update 
for  a Time-Varying  Bias  Error. 

72 

3.3 

Laser /Target  Miss  Distance  With  Bias  Update 
for  Various  Stability  Factors. 

73 

3.4 

Laser/Target  Miss  Distance  With  Bias  Update 
for  Various  Update  Times. 

74 

4.  1 

Engagement  Geometry. 

133 

7.  la 

Estimated  Laser  Spot  Position  Along  | - Axis. 

258 

7.  lb 

A 

Estimated  Laser  Spot  Position  Along  -f]  - Axis. 

259 

7.2 

Relative  Glint  Strength. 

260 

7.  3a 

Closed  Loop  Boresight  Error  Control 

261 

7.  3b 

Closed  Loop  Boresight  Error  Control 

261 

7.  3c 

Closed  Loop  Boresight  Error  Control 

261 

7.  3d 

Closed  Loop  Boresight  Error  Control 

261 

V 


w 


LIST  or  TABLES 


Table 

2.  1 
2.2 

2.3 

2.4 

3.  la 

3.  lb 

3.  Ic 

3.  Id 

3.2a 

3.2b 

3.2c 

3. 2d 


Title 

High  Crossing  Velocity  Engagement 

Low  Crossing  Velocity  Engagement 

Low  Crossing  Velocity  Engagement  With 
Laser  Boresight  Error 

Low  Crossing  Velocity  Engagement  With  Laser 
Boresight  Error  and  Boresight  Error  Estimates 

Outer  Loop  Bias  Control  of  a Time -Dependent 
Boresight  Error,  With  a Servo  Stability  Factor 
of  a = 8 , and  a = 20  msec  Update  Time. 

Outer  Loop  Bias  Control  of  a Time-Dependent 
Boresight  Error,  With  a Servo  Stability  Factor 
of  0 = 6,  and  a 


Tq  = 20  msec  Update  Time. 


Outer  Loop  Bias  Control  of  a Time-Dependent 
Boresight  Error,  With  a Servo  Stability  Factor 
of  0 = 4,  and  a = 20  msec  Update  Time. 

Outer  Loop  Bias  Control  of  a Time -Dependent 
Boresight  Error,  With  a Servo  Stability  Factor 
of  0 = 3,  and  a Tq  = 20  msec  Update  Time. 

Outer  Loop  Bias  Control  of  a Fixed  Boresight 
Error,  With  a Servo  Stability  Factor  of  o = 8 , 
and  a Tq  = 20  msec  Update  Time. 

Outer  Loop  Bias  Control  of  a Fixed  Boresight 
Error,  With  a Servo  Stability  Factor  of  o = 6 , 
and  a Tg  = 20  msec  Update  Time. 

Outer  Loop  Bias  Control  of  a Fixed  Boresight 
Error,  With  a Servo  Stability  Factor  of  0=4, 
and  a =20  msec  Update  Time. 

Outer  Loop  Bias  Control  of  a Fixed  Boresight 
Error,  With  a Servo  Stability  Factor  of  o = 3 , 
and  a To  = 20  msec  Update  Time. 


33 

36 

39 

42 

75 

77 

79 

81 

83 

85 

87 

89 


VI 


4 


List  of  Tables  (Continued) 


Table  Title  Page 

3.  3a  Outer  Loop  Bias  Control  of  a Time-Dependent 

Boresight  Error,  With  a Servo  Stability  Factor 
of  0 = 6,  and  a = 20  msec  Update  Time  91 

3.  3b  Outer  Loop  Bias  Control  of  a Time -Dependent 

Boresight  Error,  With  a Servo  Stability  Factor 
of  0 = 6,  and  a Tp  =40  msec  Update  Time  92 

3.3c  Outer  Loop  Bias  Control  of  a Time  -rDependent 

Boresight  Error,  With  a Servo  Stability  Factor 
of  0 = 6,  and  a Tp  = 80  msec  Update  Time.  94 

6.  1 Target  Tracking  Kinematics  175 

6.2  Laser  Backscatter  Detector  Array  Outputs  for 

Vj^  = 50  m/sec  and  Ig^p  =0.0  178 

6.  3 Laser  Backscatter  Detector  Array  Outputs  for 

V = 50  m/sec  and  = 100.  188 

6.4  Laser  Backscatter  Detector  Array  Outputs  for 

Vj^  = 50  m/sec  and  = 10,000.  199 

6.  5 Laser  Backscatter  Detector  Array  Outputs  for 

Vj^  = 100  m/sec  and  Ig  ^^  = 0.  0 209 

6.6  Laser  Backscatter  Detector  Array  Outputs  for 

= 200  m/ sec  and  Ig  ^ ^ = 0.  0 219 

7.  1 Laser  Spot  Position  Estimation  262 

7.2  Closed  Loop  Boresight  Error  Control  287 


EVMiUKTION 


The  objective  of  this  program  was  to  devise  control  j 

techniques  based  on  optimal  estimation  principles  which 
promote  closed  loop  adaptive  optical  control  independent 
of  transit  time  delay  limitations  in  long  range  optical 
applications  of  precision  pointing,  tracking  and  high  resol- 
ution surveillance. 

Analytical  development  was  completed  for  estimation 
modeling  of  the  target  backscatter , both  specular  (glint 
returns)  and  random  scatter  (diffuse  returns) , as  well  as 
for  receiver  tracking  error  detection,  and  estimations  of 
signal  strength,  target  motion  rates  and  update  line-of- 
sight  pointing  correction.  This  development  allowed  track- 
ing error  control  in  the  presence  of  track  error  return  delays 
due  to  long  transit  time  applications.  That  is,  the  estima- 
tion modeling  potentially  eliminated  servo  bandwidth  limita- 
tions for  tracking  error  correction  due  to  transmit  delays. 

The  ability  to  implement  the  estimation  modeling  in  computer 
simulation  studies  was  restrictive,  however,  due  to  the 
complex  structure  of  the  estimation  models  and  computational 
load  requirements  in  its  related  computing  algorithms . 

Further  work  is  needed  (beyond  the  scope  of  this  program) 
to  either  simplify  the  estimator  structure  to  enable  simula- 
tion feasibility,  or  to  reformat  its  structure  into  a 
computationally  feasible  architecture  (such  as  FFT  version 
of  transformation  processes) . Analytical  tests  of  the 
estimation  algorithms  verified  its  performance  in  removing 
bandwidth  restrictions  due  to  transit  time  factors.  Another 
aspect  of  the  estimation  algorithm  was  also  verified.  This 
was  the  use  of  backscattered  signal  statistics  discrimination 
to  isolate  three  factors  in  the  target  plane  as  observed  in 
the  receiver  domain.  These  are  the  isolation  and  spatial 
location  of  target  specular  regions  (glint)  from  spatially 
extended  random  (diffuse  scattering)  textured  regions;  and, 
the  identification  of  actual  beam  centroid  location  on  target 
(in  the  specular  or  diffuse  target  regions)  discriminated 
against  general  target  surface  texture.  This  was  performed 
by  using  spatial  correlation  techniques  in  a 20  by  20 
detector  element  mosaic  receiver,  and  statistical  processing 
of  signal  returns.  These  functions  were  successfully 
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computer  simulated  and  represented  the  bulk  of  the  algorithm 
analysis  conducted  in  this  program  Included  in  this  study 
was  the  correlation  of  target  loop  (external  transit  time 
delayed  path)  and  local  loop  correction  methods  to  achieve 
wide  bandwidth  system  control  performance  (energy  maximiza- 
tion at  selected  target  aimpoint)  while  minimizing  transit 
time  bandwidth  limitations . 

The  development  of  techniques  which  minimize  or  eliminate 
closed  loop  bandwidth  restrictions  due  to  transit  time  delays 
is  contributory  to  the  successful  application  of  surveillance 
and  directed  weapons  for  long  range  applications.  The  target- 
local  loop  correlation  schemes  successfully  demonstrated  the 
minimization  of  transit  bandwidth  limitations,  while  the 
estimation  algorithm  techniques  potentially  provided  methods 
which  were  capable  of  totally  eliminating  such  restrictions. 
Continued  work  is  desireable  for  this  latter  case  for 
algorithm  implementation  in  a computationally  efficient 
manner.  The  removal  of  transit  time  delay  restrictions  on 
the  operation  of  real  time  target  detection  and  location  is 
directly  contributory  to  the  success  of  suirveillance  and 
defense  missions  in  long  range  applications  whether  they  are 
strategic  or  tactical  in  nature.  This  directly  supports  the 
RADC  Technology  Plan  under  TPO  Thrust  III-STS. 

This  effort  successfully  verified  that  techniques  can  be 
devised  to  either  minimize  or  eliminate  transit  limit  per- 
formance limitation  experienced  in  long  range  surveillance 
and  energy  directed  defense  systems.  Continued  work  is  planned 
to  assess  methods  which  will  enable  optimal  estimation 
approaches  computationally  efficient  and  feasible  to  implement. 

ROBERT  F.  OGRODNIK 
Project  Engineer 
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The  fundamental  objective  of  this  program  has  been  to 
develop  a basis  for  closed  loop  laser  beam  control  in  a space  engagement 
that  would  insure  that  the  laser  spot  was  properly  focused  on  the  desired 
target  aimpoint.  The  driving  consideration  has  been  that  with  the  long 
ranges  and  concomitant  large  round-trip  speed  -of-light  transit  times 
involved,  it  is  not  clear  how  a high  performance  true  closed  loop  control 
could  be  achieved.  There  is  an  apparent  servo  bandwidth  limit  associated 
with  this  round-trip  transit  time  delay,  and  this  necessarily  restricts  the 
achievable  servo  performance.  This  would,  for  example,  appear  to 
preclude  the  use  of  a convential  transmitter  multidither  adaptive  optics 
system  for  the  target  tracking,  focus  adjustment,  and  wavefront 
distortion  control  functions  in  a long  range  space  engagement. 

In  this  work  we  have  been  seeking  a way  around  this  apparent 
restriction.  To  keep  our  task  at  a reasonably  manageable  level,  we 
have  restricted  our  attention  to  the  target  tracking  function.  Our  under- 
standing has  been  that,  if  we  could  find  a way  to  control  the  laser  spot 
position  on  the  target,  i.  e.  insure  that  the  laser  spot  was  striking  the 
aimpoint,  (and  not  just  pointed  in  the  direction  we  thought  was  proper), 
and  yet  realize  high  servo  bandwidth  type  performance  despite  the  long 
range  to  the  target,  then  this  method  could  probably  be  generalized  to 
apply  to  the  focus  and  adaptive  optics  control  functions.  However,  we 
have  left  consideration  of  this  generalization  procedure  as  a matter  to 
be  treated  in  later  work. 

Our  initial  hope  was  that  some  form  of  adaptive  estimation,  i.e. 
an  extension  of  the  Kalman-Bucy  filter  technique,  might  allow  this 
objective  to  be  realized.  Accordingly,  we  had  an  analysis  performed 
to  develop  such  a technique.  The  results  of  this  work  are  reported  in 
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an  Addendum  to  this  report.  In  studying  these  results  we  reached 
the  conclusion  that  while  this  technique  might  be  theoretically  relevant, 
it  was  so  complex  that  its  practical  implementation  did  not  appear 
reasonable.  This  was  a particularly  significant  point  for  us  since  a 
major  part  of  the  program  effort  was  to  be  concerned  with  computer 
simulation  of  a space  engagement.  (We  could  not  simply  ignore  the 
difficulty  in  the  practical  implementation  of  the  adaptive  estimation 
processor  — we  would  have  to  program  it.)  In  addition,  we  were  some- 
what concerned  that  the  adaptive  estimator  might  have  been  overly 
sensative  to  model  details,  but  we  never  got  to  test  this  as  we  did  not 
attempt  to  pursue  the  adaptive  estimation  technique  to  the  point  of 
computer  simulation. 

In  place  of  this  adaptive  estimation  procedure,  we  have  built 
the  work  reported  here  around  a much  more  straightforward  adaptive 
compensation  concept.  We  assume  that  the  basic  laser  beam  control 
is  provided  by  an  entirely  local  high  bandwidth,  high  performance  servo. 
Because  it  is  entirely  local,  the  bandwidth  can  be  high,  but  also  because 
it  is  entirely  local,  it  can  only  point  the  laser  beam  where  it  "thinks" 
the  beam  should  be  directed.  It  does  not  know  where  the  beam  actually 
strikes  the  target  as  this  would  involve  a round-trip  transit  time  delay 
and  would  not  be  compatible  with  the  desired  high  servo  bandwidth. 
Adaptive  compensation  to  correct  for  this  is  introduced  by  another  sensor 
and  an  outer  "servo"  loop  which  "sees" where  the  laser  beam  is  striking 
the  target  and  compensates  for  any  offset  by  biasing  the  local  high  band- 
width servo  loop.  The  adaptive  compensation  corresponds  to  an  outer 
loop  which,  because  of  the  round-trip  transit  time  delay,  necessarily 
has  a low  servo  bandwidth.  The  underlying  assumption  is  that,  while 
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tracking  may  require  a high  bandwidth,  (particularly  because  of  gimbal 
vibration),  the  things  like  bore  sight  error  and  point  ahead  requirement 
only  change  slowly  and  so  do  not  require  a high  servo  bandwidth  for  their 
compensation.  This  basic  concept  is  described  in  Chapter  1,  together 
with  a generalized  description  of  a baseline  optical  system  that  could 
utilize  this  approach. 

Chapter  2 sets  up  the  basic  computer  simulation  for  a laser 
space  engagement.  In  particular,  it  models  a two-axis  laser  transmitter/ 
target  sensor  gimbal  system,  and  properly  simulates  the  speed-of-light 
round-trip  transit  time  delay  effects,  as  well  as  allowing  the  introduction 
of  bore  sight  error  effects.  The  simidation  results  shown  in  Chapter  2 
manifest  the  expected  point-ahead  effect. 

Chapter  3 extends  this  computer  simulation  model  to  include  the 
adaptive  compensation  outer  loop.  It  is  assumed  that  a sensor  is 
available  that  can  see  where  the  laser  is,  (was  — one  transit  time  ago), 
striking  the  target.  The  error  signal  thus  provided  is  used  to  bias  the 
high  servo  bandwidth  target  tracking  loop.  It  is  demonstrated  by  computer 
simulation  results  that  the  residual  laser  miss  distance  will  be  negligibly 
small  for  a target  at  1.  0 Mm  range  and  a laser  boresight  error  drift 
rate  of  as  much  as  10  prad/sec.  The  adaptive  compensation  outer  loop 
is  configured  as  a nonstandard  version  of  a type-1  sampled  data  servo 
loop  with  a servo  bandwidth  that  automatically  adjusts  for  the  sample 
data  rate.  The  simulations  were  run  with  a data  rate  significantly 
slower  than  that  implied  by  the  round-trip  transit  time  delay. 

The  assumption  that  the  position  where  the  laser  spot  strikes 
the  target  can  be  inferred  from  the  backscatter  signal  poses  a potential 
problem  when  a glint  point  is  present  on  the  target.  In  such  a case  the 
glint  point  return  can  be  so  much  greater  than  the  diffuse  scattering  return, 
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which  is  the  actual  indicator  of  the  laser  spot  position  on  the  target, 
that  simple  backscatter  signal  intensity  centroiding  will  give  the  wrong 
result  for  the  laser  spot  position  on  the  target.  The  reported  position 
will  very  nearly  correspond  to  that  of  the  glint  point  rather  than  the 
position  of  the  laser  spot.  To  avoid  this  problem,  we  have  decided 
to  make  use  of  the  fact  that  the  glint  return  is  essentially  constant 
while  the  diffuse  return  from  the  target  is  a randomly  fluctuating 
quantity. 

The  rate  of  fluctuation  is  set  by  the  target  vibration  spectrum 
and  by  the  rate  of  rotation  of  the  laser  beam/line-of- sight  with  respect 
to  the  target  surface  normal.  At  a minimum  this  rate  of  rotation  is 
set  by  the  changing  target  and  laser  system  positions,  assuming  that 
the  target  is  not  on  an  exact  collision  course  with  the  laser  system. 

In  our  simulations  we  have  assumed  that  this  angular  rotation  was  quite 
low,  corresponding  to  a crossing  velocity  of  50  m/sec  at  about 
1.  0 Mm  range.  This  represented  a worse  case  for  the  simulated 
performance  of  the  adaptive  compensation. 

The  problem  of  how  to  separate  the  fluctiaating  from  the  non- 
fluctuating portions  of  the  return  is  taken  up  in  Chapter  7.  First,  however, 
we  needed  to  develop  a basis  for  simulation  of  the  random  backscatter 
signal.  In  Chapter  4 we  developed  the  basic  statistical  theory  for  the 
backscatter  signal  fluctuations  as  they  would  be  seen  in  a shared  aperture 
imaging  focal  plane.  In  Chapter  5 the  details  implicit  in  this  theory  are 
amplified  and  used  to  formulate  a basis  for  simulation  of  the  time 
varying  backscatter  signal  on  each  element  of  a 20  X 20  element  imaging 
detector  array.  The  critical  feature  of  Chapters  4 and  5 is  that  the 
randomly  fluctuating  signals  vary  with  the  appropriate  spatial  and  temporal 
covariance. 
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Chapter  6 presents  a computer  program  that  implements  the 
theory  and  simulation  algorithms  of  the  preceding  two  chapters.  It 
produces  a time  varying  20  X 20  array  of  Hetector  output  corresponding 
to  the  laser  backscatter  image  in  a realistically  modeled  space 
engagement.  Sample  output  results  are  presented  for  different  levels 
of  glint  strength  compared  to  diffuse  return  strength,  and  for  different 
engagement  kinematics  corresponding  to  different  correlation  times. 

Chapter  7 brings  all  of  the  work  together  in  a realistic  adaptive 
control  system  simulation  based  on  observing  the  laser  backscatter  in 
the  presence  of  a strong  glint  return.  The  chapter  starts  by  taking  note 
of  the  fact  that  there  is  a heterodyning  effect  when  glint  and  diffuse 
returns  are  added,  so  that  the  signal  intensity  variance  is  greater 
than  it  would  be,  if  only  the  diffuse  return  were  present.  A formula  is 
developed  for  extracting  the  intensity  to  be  associated  with  the  aiffuse 
return  from  the  total  signal's  mean  and  variance.  Using  this  formala 
a St  t oi  singulation  runs  are  performed  with  the  ad,tr,tive  compensation 
loop  open  to  demonstrate  that  the  laser  spot  positu  r.  . .to  ulatcd  fror/i.  the 
centroid  of  the  estimated  diffuse  return  is  a good  esiimato  of  the  actual 
laser  spot  position  on  the  target.  It  is  found  that  even  m the  presence  of  a 
glint  return  of  up  to  one  thousand  times  the  diffuse  return  there  is  no 
apparent  bias  toward  the  glint  point's  position  in  the  estimcited  position 
of  the  laser  spot.  It  is  found  that  reasonable  laser  spot  position  estimates 
c an  be  formed  in  as  little  as  a few  times  the  fluctuation  correlation  period. 
F.iid.jy,  using  tne  adaptive  compensation  loop  demonstrated  initially  in 
Chapter  1 but  this  time  estimating  the  laser  spot  position  from  the 
randomly  fluctuating  backscatter  signal,  a series  of  computer  simulation 
runs  are  performed  to  demonstrate  adaptive  compensation  in  the  presence 
of  a strong  glint  return,  in  a laser  space  engagement.  The  simulation 
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results  demonstrate  the  ability  of  the  adaptive  compensation  procedure  to 
correct  for  point-ahead  and  laser  bias  errors  to  a function  of  a laser 
spot  diameter.  Based  on  these  very  encouraging  results,  we  feel 
justified  in  concluding  that  the  same  technique,  with  certain  modifi- 
cations, can  be  applied  to  transmitter  focus  and  adaptive  optics  control. 
This  will  allow  high  servo  bandwidth  performance  of  the  control  system, 
but  will  insure  that  bias  errors  will  be  sensed  and  corrected,  so  that 
a near  perfect  focusing  of  the  laser  spot  on  the  desired  aimpoint 
will  be  achieved. 


I 


i". 


It: 


Chapter  1 


Adaptive  Compensation 
Baseline  Optical  System  Concept 


1 . Baseline  System  Concept 

To  provide  a framework  for  the  adaptive  compensation  study 
we  have  defined  a laser  transmitter /target  tracking  system  for  space 
operation  which  seems  to  offer  the  potential  for  tracking  targets  at  long 
range  with  high  servo  bandwidth. 

Pointing  and  tracking,  per  se,  can  be  implemented  with  a high 

servo  bandwidth  without  any  special  control  system  features.  However,  i 

1 

the  nulling  of  alignment  errors  in  the  system  can  only  be  truly  insured 
by  closing  a sensing  loop  around  the  target.  Because  of  the  long  range 
involved,  the  alignment  control  aspects  of  the  servo  may  be  rather  slow. 

I 

To  prevent  this  from  depriving  the  system  of  high  bandwidth  pointing  i 

and  tracking  servo  performance,  we  plan  to  make  use  of  the  very  plau- 
sible feature  of  the  plant  model,  that  alignment  errors  change  only  rather 
slowly  so  that  they  can  be  adequately  controlled  by  a low  servo  bandwidth  ; 

control  loop,  closed  by  sensing  over  a round-trip  path  to  the  target  and  i 

back.  This  can  then  be  an  outer  loop  around  the  rest  of  the  pointing  and 
tracking  controls  which  themselves  constitute  a conventional  high  band- 
width system.  To  insure  that  the  slow  outer  loop  is  not  excessively 
slow,  so  that  the  alignment  errors  will  be  nulled  rapidly,  we  plan  to  | 

use  adaptive  compensation  in  the  alignment  control  outer  loop.  | 

Though  our  concern  here  is  with  the  pointing  and  tracking  task  only, 
we  have  kept  in  mind  an  ultimate  interest  in  the  problem  of  controlling 
adaptive  optics  and, accordingly,  have  defined  a shared  aperture  system  ! 

which  should  prove  directly  applicable  to  control  of  an  adaptive  optics 
system.  In  this  case  it  should  also  be  possible  to  close  a local  high 
servo  bandwidth  pointing,  tracking,  and  adaptive  optics  control  loop 
by  viewing  the  target  through  the  shared  aperture,  but  leaving  the  align-  | 

ment  of  the  pointing  and  tracking,  and  of  the  adaptive  optics  control  to  : | 

a slower  round-trip  control  loop,  whose  speed  we  will  maximize  by  use 
of  an  adaptive  compensation  control. 


In  Fig.  '8  1 and  2 we  define  the  basic  features  of  the  sample  laser 
pointing  and  tracking  system.  For  convenience  we  have  postulated  a 
pulsed  high  energy  laser  so  that  some  form  of  T/R  switch  can  be  used 
to  allow  the  same  telescope  aperture  to  function  both  as  a transmitter 
of  the  laser  radiation  and  as  a receiver  for  the  backscattered  laser  radia- 
tion.* The  operation  of  the  system  is  best  understood  by  considering 
the  two  sensor  packages,  namely  the  Laser  Alignment  Sensor  (the  LAS) 
and  the  Track  and  Boresight  Sensor  (the  T+BS).  The  LAS  and  T+BS, 
together  with  the  Laser  Beam  Splitter  (the  LBS)  which  may  be  considered 
to  be  a part  of  the  LAS,  are  physically  proximate  and  so  may  be  con- 
sidered to  drift  with  respect  to  each  other  only  rather  slowly.  Because 
they  are  close  enough  to  be  integrated  into  one  compact  housing,  there 
should  be  no  vibration-induced  variation  in  the  relative  alignment  of 
the  LAS  and  the  T+BS.  Only  the  very  low  frequencies  associated  with 

There  are  other  techniques  that  will  allow  the  telescope  aperture  to 
function  in  a dual  role,  as  transmitter  and  receiver  for  the  laser 
radiation,  even  if  the  laser  operates  continuously  rather  than  in  a 
pulsed  mode.  For  example,  the  laser  can  be  designed  to  transmit 
right  circular  polarized  radiation.  In  the  backscatter  process, 
(without  any  depolarization)  this  will  be  converted  to  left  circular 
polarized  radiation.  If,  in  place  of  the  T/R  switch  of  Fig.  1,  the 
system  contained  a circular  polarization  analyzer,  the  right  circular 
polarized  laser  radiation  would  all  be  transmitted, while  the  left  cir- 
cular polarized  backscatter  signal  would  all  be  sent  to  the  sensor 
package,  just  as  is  the  case  for  the  pulsed  laser  with  the  T/R  switch. 
As  another  alternative  when  the  laser  operation  is  continuous  instead 
of  pulsed,  the  T/R  switch  can  be  replaced  by  a beamsplitter  and  the 
laser  detection  portion  of  the  sensor  could  be  a heterodyne  system. 

In  this  case,  the  doppler  shift  of  the  backscattered  laser  radiation 
would  allow  the  sensor  to  easily  separate  it  from  the  direct  leakage 
of  the  laser  radiation.  In  this  case,  of  course,  because  of  the  use 
of  a beam  splitter,  the  net  utilization  of  optical  radiation  wuld  be 
less  than  with  the  T/R  switch. 
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structural  creep,  and  with  changing  thermal  gradients  should  be  expected 
in  the  variations  of  the  alignment  of  the  LAS  relative  to  the  T+BS. 

The  LAS  will  receive  a sample  of  the  outgoing  laser  beam  and  will 
be  able  to  monitor  its  orientation.  The  null  position  of  the  LAS  is  some- 
what arbitrary  so  that,  in  a d.  c.  sense,  the  signal  from  the  LAS  has 
questionable  meaning.  However,  any  fluctuations  in  the  laser  beam 
direction  corresponding  to  variations  in  the  laser  output  will  be  accur- 
ately reflected  in  the  LAS  output  signal. 

The  T+BS  consists  of  two  focal  planes  sharing  a common  input 
via  a dichroic  beam  splitter,  as  indicated  in  Fig.  2.  The  imaging  sen- 
sor will  observe  the  target  image  as  seen  through  the  shared  aperture 
of  the  transmitter/ receiver  telescope  (and  the  hollow-axis  gimbal  train). 
Any  deviation  of  the  target  position  relative  to  the  pointing  of  the  tele- 
scope will  be  immediately  sensed  as  apparent  motion  of  the  target  image. 
We  will  not  be  particularly  concerned  here  with  the  details  of  the  image 
sensor,  other  than  to  note  the  following  features.  1)  It  provides  high 
data  rate  information  on  the  location  oi  the  planned  aim- point  on  the 
target  (relative  to  the  telescopic  orientation).  Z)  It  operates  in  a wave- 
length band  distinct  from  that  of  the  high  energy  laser,  so  that  the 
dichroic  beam  splitter  provides  adequate  separation  of  the  target  image 
photons  from  the  backscattered  laser  photons. 

The  combination  (actually  the  difference)  of  the  target  image  tracker 
data  and  the  laser  alignment  sensor  provides  sufficient  information  to 
hold  the  laser  spot  fixed  with  respect  to  the  desired  aim-point  on  the  tar- 
get. If  the  telescope  pointing  changes  in  a way  not  corresponding  to  the 
target  motion,  or  if  one  of  the  relay  mirrors  in  the  hollow-axis  gimbal 
train  moves  unintentionally,  the  image  will  move  relative  to  the  image 
tracker  as  much  as  the  transmitted  laser  beam  moves  relative  to  the 
aim-point.  The  observed  change  in  the  target  image  position  will  pro- 
vide the  necessary  information  to  correct  the  telescope  pointing.  If, 


ir 


/ 
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due  to  some  instability  in  the  laser  itself,  the  direction  of  the  outgoing 
laser  beam  shifts,  the  LAS  will  sense  this  and  provide  the  necessary 
information  to  cause  a compensating  change  in  the  telescope  pointing. 

In  either  case,  by  closing  a servo  loop  to  hold  the  difference 
between  the  image  tracker  signal  and  the  IAS  signal  constant,  the  posi- 
tion of  the  laser  spot  relative  to  the  aim-point  on  the  target  will  be  held 
constant.  But  this,  by  itself,  does  not  get  the  laser  spot  on  the  desired 
aim-point — it  just  holds  the  miss  distance  fixed  in  time.  To  null  out 
this  remaining  error,  which  is  due  to  the  slowly  changing  relationship 
between  the  LAS  and  the  image  tracker  portion  of  the  T+BS,  it  is  neces- 
sary to  close  a sensor/servo  loop  involving  a propagation  path  to  the 
target  and  back.  This  function  is  performed  by  the  laser  position  sen- 
sor portion  of  the  T+BS. 

The  laser  position  sensor  is  simply  a quadrant  detector  (and  narrow 
band  filter)  aligned  with  the  imaging  sensor  and  viewing  the  backscattered 
laser  signal  from  the  target.*  This  sensor  simply  reports  the  laser 
spot  position  relative  to  the  quadrant  detector  null  and  thus,  since  the 
laser  position  sensor  is  aligned  to  the  imaging  tracker,  relative  to  the 
center  of  the  image  tracker  focal  plane.  Thus,  it  is  possible  to  deter- 
mine the  laser  spot  position  relative  to  the  desired  aim-point.  Because 
of  the  slowly  changing  nature  of  the  alignment  errors,  the  determination 
of  the  laser  spot  position  relative  to  the  center  of  the  image  tracker's 
focal  plane  only  has  to  be  done  with  a moderate  (or  low)  data  rate.  The 
key  problem  in  the  operation  of  the  quadrant  detector  laser  position 

Because  the  laser  position  sensor  and  the  image  tracker  share 
common  input  optics  it  is  possible  to  combine  them  in  a way  that 
insures  that  there  will  be  no  alignment  error.  This  cannot  be 
achieved  with  respect  to  the  LAS  because  of  the  fact  that  the  input 
optics  cannot  be  common  between  the  LAS  and  the  T+BS. 
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sensor,  and  the  thing  that  drives  us  to  utilize  adaptive  compensation, 
is  the  effect  of  glint.  The  presence  of  a strong  glint  point  on  the  target, 
anywhere  near  the  first  few  side -lobes  of  the  laser  spot,  will  cause  the 
apparent  centroid  of  the  laser  spot  to  be  significantly  closer  to  the  glint 
point  than  the  laser  spot  actually  is.  To  circumvent  this  difficulty,  we 
plan  to  make  use  of  the  difference  between  the  speckle  statistics  of  the 
diffuse  backscatter  from  the  main  lobe  of  the  laser  spot  and  the  essen- 
tially nonvarying  backscatter  from  the  glint  point,  to  separate  the  two 
returns  and  determine  the  true  laser  spot  position. 
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Figure  1.  1 Block  Diagram  Of  The  Major  Components  Of 

The  Adaptive  Compensation  Laser  Pointing  And 
Tracking  System.  Details  of  the  Track  and 
Boresight  Sensor  are  shown  in  Fig.  Z. 
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Introduction 


2.  1 

This  chapter  is  concerned  with  the  problenn  of  simulating  a space 
engagement  between  a laser  weapon  armed  satellite  (referred  to  hereafter 
as  the  satellite)  and  some  target  space  object.  The  simulation  will  assume 
non- accelerating  flight  paths.  The  laser  weapon  gimbal  system  carries  a 
(shared  aperture)  target  imaging  system  which  can  see  the  target  and  issue 
tracking  commands  to  the  gimbal  pointing  servo.  The  simulation  which  is 
described  here  incorporates  a high  bandwidth  servo  pointing  capability.  A 
major  feature  of  the  simulation  is  the  provision  of  time  delays  involving 
speed-of -light  time  of  flight. 

We  are  concerned  here  with  the  most  straightforward  aspects  of  the 
engagement  — very  simple  flight  kinematics  and  a high  bandwidth  pointing/ 
tracking  servo  are  assumed.  Our  interest  is  in  determining  the  laser  miss 
distance  to  be  associated  with  laser  bias  and  with  round-trip  (speed-of-light) 
transit  time  delay  effects.  The  necessary  details  for  simulation  of  these 
effects  are  provided  in  the  engagement  simulation  discussed  here.  It  has 
been  a major  objective  in  the  development  of  this  simulation  to  build  a 
foundation  upon  which  a much  more  extensive  engagement  simulation  con- 
sidering the  statistics  of  the  laser  backscatter  signal  could  be  modeled. 

This,  however,  is  only  a background  consideration  in  what  we  report  here. 
Backscatter  signal  modeling  and  its  utilization  in  an  adaptive  compensation 
system  will  be  treated  in  later  chapters. 
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Baaic  Engagement  Geometry 

We  shall  utilize  a rectangular  stationary  coordinate  frame  of  refer- 
ence, with  coordinates  (x,  y,  z)  to  define  the  flight  paths  of  the  satellite  and 
the  target.  We  shall  let  "TjCt)  denote  the  time  dependent  position  vector  for 
the  satellite,  and  let  ■r^(t)  denote  the  target  position  vectors.  Based  on  our 
assumption  that  neither  the  satellite  nor  the  target  is  accelerating,  we  util- 
ize the  constant  vectors  v^  and  to  denote  the  satellite's  velocity  vector 
and  the  target's  velocity  vector,  respectively.  If  we  let  and  de- 

note the  positions  of  the  satellite  and  of  the  target,  respectively,  at  some 
time  t = 0 , then  we  can  write 


(1) 

(2) 


It  will  be  useful  in  our  work  to  be  able  to  calculate  the  expected 
distance  of  closest  approach  between  the  satellite  and  the  target,  and  the 
time  dependent  angular  rate  at  which  the  target  crosses  the  field-of-view 
of  the  satellite.  To  carry  out  these  calculations,  and  as  a general  matter 
of  policy  to  insure  that  all  appropriate  relativistic -type  considerations 
are  automatically  taken  into  account  in  our  analysis,  we  shall  switch  our 
attention  to  an  inertial  frame  of  reference  fixed  in  the  satellite.  In  this 
frame  of  reference,  the  satellite's  coordinates  are  always  (0,0,0)  and 
its  velocity  is  similarly  (0,0,0)  , while  the  target's  velocity  is 


i.  e.,  the  difference  velocity,  and  the  target's  position  vector  is 
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which  is  the  difference  of  the  position  vectors.  Hereafter,  when  we  speak 
of  position  or  velocity,  we  shall  be  referring  to  that  of  the  target  with 
respect  to  the  coordinate  system  fixed  in  the  satellite. 


.i;  1 


In  developing  our  results  for  the  distance  of  closest  approach  and 
for  the  target's  apparent  angular  velocity,  it  will  be  convenient  to  have 
available  unit  vectors  corresponding  to  v^  and  'rg(t)  . We  shall  denote 
these  as 


where 


^0  = I^dI 


r,(t)  = |r  ft)| 


(5) 

(6) 

(7) 

(8) 


denote  the  respective  magnitudes. 

To  calculate  the  distance  of  closest  approach,  it  will  facilitate  our 
analysis  to  consider  the  plane  containing  the  origin  and  the  target  velocity 
vector  drawn  through  the  target  position.  This  is  illustrated  in  Fig.  1. 
The  distance  of  closest  approach,  which  we  denote  by  the  vector  H , with 
magnitude 


d = 1^1 

is  defined  by  the  well-known  fact  that  the  minimum  distance  between  a 
point  and  a line  is  defined  by  the  perpendicular  to  the  line  that  passes 
through  the  point.  If  0 denotes  the  angle  between  the  position  vector 
and  the  velocity  vector,  as  indicated  in  Fig.  1,  then  its  cosine  equals  the 
dot  product  of  the  corresponding  unit  vectors,  namely, 

cos  e = f-(t)  • V. 
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(9) 


(10) 


The  distance  of  closest  approach,  as  can  be  seen  from  Fig,  1,  is 
d = rjj(t)  sin  (0) 

= r^(t)  [1  - coB»0)]i/*  . (11) 

Though  the  right-hand- side  of  this  expression  is  apparently  a function 
of  time,  a detailed  evaluation  of  this  ej^ression  will  show  that,  in  fact, 
it  is  time -independent,  as  we  would  expect  from  consideration  of  the 
nature  of  d . 

The  apparent  angular  velocity  of  the  target,  a , can  be  calcu- 
lated by  considering  the  component  of  the  target  velocity  that  is  perpen- 
dicular to  the  position  vector.  [We  note  that  the  position  vector  r^Ct) 
is  also  the  line-of-sight  vector  — hence  this  relationship.  ] From  con- 
sideration of  Fig.  1,  we  can  see  that  the  angle  between  the  target  velocity 
vector  V and  a line  (in  the  plane  and)  perpendicular  to  the  line-of-sight 
is  P-^TT  . From  this,  it  follows  that  the  magnitude  of  the  target  velocity 
vector  component  perpendicular  to  the  line-of-sight  is 

Vj^  = Vp  cos 

= Vp  sin  (0) 

= v.ri-cos*(0)]i/»  . (12) 

Thus  we  can  write  for  the  angular  rate 

a = v/rp(t) 

= -\r  [1-cos*  (0)]i/»  . (13) 

rp(t) 

With  the  basic  engagement  geometry  thus  defined,  we  are  now 
ready  to  turn  our  attention  to  the  gimbal  orientation  and  tracking  error 
sensing  formulation.  We  take  this  up  in  the  next  section. 
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2.3 


Gimbal  Angle  and  Target  Track  Error  Signal 

We  assume  that  the  pointing  and  tracking  process  is  performed 
by  a two-axis  "elevation  inside  of  azimuth"  type  of  gimbal  system.  We 
shall  use  6 to  denote  the  "inverse"  of  the  elevation  (i.  e.  , the  polar  angle 
or  ninety-degrees  minus  the  actual  elevation  angle),  and  will  use  0 to 
denote  the  azimuth  angle.  We  will  let  the  0 -coordinate  be  referenced  and 
oriented  so  that  the  x-axis  corresponds  to  0 = 0 , and  the  y-axis  to  0 = . 

The  target  imaging  sensor  mounted  in  the  gimbals  has  a focal  plane  defined 
by  a pair  of  unit  vectors,  | and  T\  , which  we  take  to  define  a two- 
dimensional  rectangular  coordinate  system  so  oriented  that  when  9 = , 

i.  e.  , the  line-of-sight  is  in  the  x,  y-plane,  the  |-axis  is  also  in  the  x,  y- 
plane.  These  two  axes,  i.  e.  , | and  7]  , are  assumed  to  be  perpendicular 

to  the  gimbal/ sensor  line-of-sight  vector. 

A . 

The  gimbal  line-of-sight  unit  vector,  which  we  denote  by  u^lt)  has 
the  three  components 


= cos  (0 ) sin  (9) 

9 

(14) 

= sin  (0)  sin  (9) 

$ 

(15) 

= cos  (9) 

• 

(16) 

We  shall  let  z denote  a unit  vector  in  the  z-axis  direction,  i.  e,  , 

2 = (0,0,1)  . Then  by  virtue  of  the  fact  that  the  |-axis  in  the  sensor  focal 
plane  is  perpendicular  to  the  gimbal/ sensor  unit  vector,  and  because  the 
elevation  inside  azimuth  configuration  keeps  it  always  perpendicular  to 
the  z-axis  (so  long  as  it  is  perpendicular  to  the  z-axis  where  9 = ^ tt  ) , 
then  we  can  write 


z X u,(t) 

I z X u,(t)| 


(17) 
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The  normalization  introduced  by  the  |z  X Uj|  factor  in  the  denominator 
is  required  since  z and  u^  are  in  general  not  perpendicular.  [We  note 
that  the  vector  cross-product  in  Eq.  (17)  yields  zero  when  z and  u^  are 
parallel,  so  that  in  this  case  | is  undefined.  However,  since  this  corres- 
ponds to  a gimbal  lock  condition,  which  we  should  never  normally  encounter, 
we  need  not  concern  ourselves  with  an  alternate  definition  for  | in  this  case.  3 
The  unit  vector  f|  is  defined  by  the  fact  that  it  is  perpendicular  to  both  the 
gimbal/sensor  line-of- sight  unit  vector,  Uj(t)  and  the  |-axis.  Thus  we  can 
write 

T)  = UgCt)  X I . (18) 

In  this  case,  there  is  no  need  for  a normalization  factor  since  u^(t)  and 
I are,  by  definition,  perpendicular  so  that  their  cross  product  is  necessarily 
a unit  vector. 

The  target  track  error  as  seen  by  the  gimbal -mounted  sensor  is  the 
difference  between  the  gimbal/sensor  unit  vector,  Ug(t)  , and  the  unit 
vector  to  the  target  position,  r^(t)  . Thus  we  can  write  for  the  track 
error  vector 

T(t)  = r^(t')  - u,(t)  . (19) 

Here  t*  differs  from  t by  the  time  it  takes  light  to  travel  from  the  target 
to  a satellite.  This  is  rp(t)/c  , where  c = 3x10®  m/sec  is  the  speed  of 
light.  Thus 

t'  = t - r^{t)/c  . (20) 

'e(t)  , of  course,  is  not  a unit  vector.  (With  reasonable  target  tracking 
performance,  it  is  much  smaller  than  a unit  vector. ) What  is  reported 
by  the  sensor  track  error  demodulator  is  the  two  components  of  'e(t)  along 
the  |-  and  f|-axes.  These  we  may  write  as 
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.^  = 5 • ^(t) 


(21) 


r 


for  the  azimuth- related  error. 


* 


and 


= - V t(t)  (22) 

for  the  elevation  error.  The  minus  sign  is  included  here  because  the  sense 
of  0 is  reversed  from  that  of  fj  . 


♦ There  is  an  elevation  angle  related  "correction"  to  e , which  we  treat 
in  discussing  the  gimbal  servo  loop,  and  which  makea  e_  only  related 
rather  than  being  exactly  the  azimuth  error. 

- 23  - 


2.4 


Gimbal  Servo  Computation 


We  contemplate  servo  control  of  each  gimbal  axis  based  on  a second 
order  servo  loop  with  a closed  loop  bandwidth,  , equal  to  100  Hz  . The 

servo  is  critically  tuned  in  the  sense  that  the  break  in  the  lead  network  is 
set  to  this  same  frequency.  This  means  that  the  servo  phase  margin  is  45° 
at  the  = 100  Hz  ,0  dB  open  loop  gain  point.  In  our  simulation,  this 
ignores  practical  niceties  of  the  servo/gimbal  hardware  our  reason  for 
doing  this  being  that  this  portion  of  the  point  and  tracking  problem,  i.  e. , 
the  gimbal  response,  is  only  a matter  of  incidental  interest. 

The  basic  servo  block  diagram  is  as  shown  in  Fig.  2.  The  key  to 
the  proper  simulation  of  the  servo  is  in  the  appropriate  selection  of  the  gain, 
G , and  the  implementation  of  the  lead  network,  1 + t s . It  ca.n  be  shown 
that  to  achieve  the  desired  servo  bandwidth,  the  gain  constant,  G , should 
have  the  value 


G = 


V2 


f » 

BH 


= 27.915x10* 


The  corresponding  lead  network  characteristics  are  achieved  in  our  com- 
puter simulation  using  a feed  forward  configuration  with  the  lead  filter 
constant,  > set  equal  to 

= 0.49751  . (24) 


* As  will  be  developed  in  subsequent  work,  our  real  interest  is  in  developing 
a way  of  analyzing  the  laser  backscattered  signal  through  adaptive  tech- 
niques to  control  the  laser  point  bias  aspect  of  the  pointing  and  tracking 
problem,  and  thus  set  the  stage  for  even  more  advanced  aspects  of  the 
pointing  and  tracking  control  problem  — such  as  how  to  estimate  from 
the  backscattered  signal  the  extent  of  defocus  and  astigmatism  in  the  beam, 
in  the  presence  of  a glint -contaminated  return. 
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where  6t  - 0.  001  sec  is  the  basic  time  increment  in  our  simulation.  The 
lead  network  output  on  the  n*^  time- step  is 


0(n)  = [I(n)  - I(n.l)]/(l-q^^)  . (25) 

where  0{n)  denotes  the  output  of  the  n*^  cycle,  while  I(n)  denotes  the 
input. 

To  accommodate  our  planned  ability  to  estimate  the  laser  pointing 
boresight  error  and  to  adjust  for  this,  the  actual  error  signals  input  into 
the  servo  loop  include  addition  of  two  bias  estimates,  > and  c 

®'T1 

to  the  calculated  values  of  g.  and  e,.  . It  is  these  bias  "corrected” 

values  rather  than  the  expressions  given  in  Eq.'s  (21)  and  (22)  that  are 
actually  used.  Thus  we  would  write 

= I • e(t)+  63^^ 

= - T1  • e(t)+  €3^^ 

The  implementation  of  the  integrators  is  simply  a matter  of  multiplying 
the  input  by  the  time  increment,  6t  , and  adding  it  to  the  previous  inte- 
grator output.  Thus  for  the  integrator  we  write 

0(n)  = 0(n-l)  + 6t  l(n)  . (26) 

The  error  inputs  to  the  servo  are  just  . as  defined  by  Eq.  (22') 

for  the  elevation  error,  and 

e„  = «^/sin  (e)  , (27) 

for  the  azimuth  error.  The  factor  of  l/sin  (0)  is  required  because  as 
the  gimbal  pointing  approaches  the  polar  position,  i.  e.  , 9 goes  to  zero. 


(21') 

(22') 
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p ' 1 

>■ 

V 

V 

it  takes  a larger  and  larger  aziniuthal  rotation  to  induce  a change  in  the 
^ ^-component  of  the  target  position  error.  The  scale  factor  for  this  in- 

> crease  in  required  rotation  is  exactly  1/sin  (6)  . 

The  only  other  special  considerations  in  our  simulation  of  the 
servo  loops  is  the  initiation  of  servo  loop  operation.  This  is.  of  course, 
a somewhat  arbitrary  matter  — i.  e. , what  shall  we  assume  as  our  initial 
conditions?  We  have  chosen  to  set  the  values  of  the  second  integrator 
(i.  e. . the  position  integrators)  in  each  loop,  and  thus  the  gimbal  position, 
to  initial  values  that  correspond  to  an  initial  zero  pointing  error.  However, 
we  have  set  all  other  memory  elements,  namely,  the  first  integrator  (or 
velocity  integrator)  and  the  feed  forward  memory  in  the  lead  network,  to 
zero  values.  We  believe  that  this  arbitrary  set  of  initial  conditions  is 
reasonable  and  in  no  way  biases  our  results. 

With  this  definition  of  the  details  of  the  servo  operation,  we  are 
now  ready  to  consider  the  question  of  the  laser  miss  distance,  or  where 
the  laser  is  incident  on  the  target.  We  present  the  pertinent  formulas  for 
this  in  the  next  section. 
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Z.  5 Laser  Miss  Distance 

To  accommodate  a laser  boresight  error  in  our  simulation,  we 
assume  that  there  are  two  boresight  error  bias  components,  q and 
Aj  0 , respectively,  and  accordingly  associate  a unit  vector  i{t)  with 

the  laser  pointing  direction,  where  the  three  components  of  this  unit  vector 
are 

[i(t)],  = cos  (0+Ab,0)  sin 

[je(t)],  = sin  (0  + Ab,0)  sin  (9+Ab,9)  ' 

[jt(t)],  = cos  (e  + Ag  g)  . (30) 

To  obtain  an  expression  for  the  vector  that  measures  the  displacement  of 
the  laser  at  the  point  where  it  is  closest  to  the  target,  we  project  the 
radius  vector  from  the  satellite  to  the  target,  ^p(t)  , onto  the  laser  dir- 
ection, as  defined  by  i(y)  , using  the  factor  rp(t)*£(t)  , and  subtract 
that  vector  from  the  radius  vector  to  the  target,  7p(t)  . Thus  the  result 
is  of  the  form  7p(t)  - [r^Ct)  - £(t)]  rp{t)  £(t)  . However,  as  just  written 
the  formulation  makes  no  allowance  for  the  speed  of  light  transit  time 
delay.  The  laser  miss  distance  as  seen  by  the  satellite  at  time  t is 
based  on  the  target  position  at  time  t'  , and  the  laser  beam  direction 
at  time  , where  as  before 

t'  = t - r^{t)/c  , (20) 

and 


t-  = t - 2 r|j(t)/c 

Thus  we  would  write  for  the  laser  miss  distance  vector 

Ajj(t)  - [rp(t')  - £(t-)]  rp(t')  £(t-) 
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(31) 
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l|  With  this  expression  in  hand,  we  are  now  ready  to  take  up  the 

details  of  the  computer  simulation  and  presentation  of  simulation  re- 
sults. We  take  this  up  in  the  next  section. 

I 
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2.  6 Computer  Simulation 


The  computer  simulation  program  is  listed  in  the  appendix,  with 
sample  results  listed  in  Tables  1,  2,  3,  and  4.  The  computer  simulation 
is  based  on  a (t  = 0.001  sec  time  increment,  as  indicated  in  Section  4. 

To  accommodate  the  need  for  time  delayed  information,  as  in  Eq.'s  (19) 
and  (32),  a set  of  push-down  memory  stacks  were  implemented  in  the 
program  to  store  values  of  ?p(t)  and  /(t)  as  they  are  generated.  The 
push-down  stack  is  indexed,  i.  e.  , new  values  are  put  in  at  the  top  and  the 
oldest  value  pushed  out  at  the  bottom,  each  time  cycle,  6t  . When  delayed 
data  is  required,  old  values  are  taken  from  tiie  stack  at  the  appropriate 
depth,  and  linear  interpolation  is  used  to  get  the  value  exactly  appropriate 
to  the  transit  time  delay.  The  stack  depth  has  arbitrarily  been  set  at  10  , 
limiting  the  maximum  time  delay  to  0.01  sec  , and  the  maximum  tract- 
able target  range  to  1.  5 Mm  . The  implementation  of  the  push-down  stack 
and  of  the  retrieval  of  delayed  data  is  through  a pair  of  subroutines. 

Because  most  of  the  formulation  in  the  preceding  sections  was 
most  conveniently  left  written  in  vector  notation,  it  was  decided  to  imple- 
ment the  simulation  program  with  vector  operations.  Accordingly  a set 
of  vectpr  operation  subroutines  was  prepared  and  called  as  necessary  in 
the  main  program.  These  subroutines,  together  with  the  time  delay  sub- 
routines, are  included  in  the  appendix. 

To  check  out  the  validity  of  the  engagement  simulation  and  thus 
set  the  stage  for  our  further  more  detailed  work,  we  have  run  a set  of 
four  engagements  covering  a three  second  period  with  printouts  every 
50  msec  . In  each  case,  the  target  range  is  about  1.0  Mm  . The  results 
listed  in  Table  1 concern  a high  angular  rate  tracking  problem  with  zero 
laser  boresight  error  and  zero  estimated  boresight  error.  As  can  be  seen, 
the  tracking  is  stable,  but  with  a laser  miss  distance  of  about  33.0  m . 


It  is  easy  to  see  that  this  miss  distance  almost  exactly  corresponds  to 
the  range,  r^  *»1.0xlCP  m , times  the  standard  2(v/c)  = 2 (4.95x103/ 

3.  Ox  108)  = 3.  30x  10-3  rad  point  ahead  angle. 

In  Table  2,  we  list  results  for  another  engagement  with  no  laser 
boresight  error  and  no  estimated  boresight  error,  but  with  a much  smaller 
crossing  velocity.  The  point  ahead  angle  in  this  case  is  2(v/c)  = 

2(5.  39XlO*/3.  OxlO®)  = 3.59x10^  rad  , and  the  listed  miss  distance  of 
about  2.71  m is  in  reasonable  agreement  with  this.  (The  slight  discrep- 
ancy can  be  attributed  to  an  additional  time  delay  of  the  order  of  one-half 
of  a time  increment,  i.  e ^ 6t  = 0.0005  sec  . 

In  Table  3,  we  list  results  corresponding  to  the  same  case  as  for 
Table  2,  except  that  laser  boresight  error  angles  of  (6.  0 ^rad,  8.  0 ^rad) 
are  also  included.  The  reported  laser  miss  distance  of  about  8.  6 m is 
in  good  agreement  with  this,  considering  that  the  6.  0 p,rad  produces  a 
6.  0 m displacement  oppositely  oriented  to  the  2.  71  m point  ahead  in- 
duced miss  distance.  Quantitatively,  we  see  this  by  noting  that  [(6.0  - 
2.  71)3+ (8.  0)»]i/*  = 8.65  m . 

Table  4 lists  results  for  the  same  case  as  Table  3,  but  with  the 
inclusion  of  non-zero  estimated  boresight  errors  of  (6.0  ^.rad,  8.0  M.rad)  . 
This  estimate  reduces  the  laser  miss  distance  to  very  nearly  the  values 
in  Table  2.  The  inability  to  exactly  reduce  it  to  that  value  is  indicative  of 
the  fact  that  slightly  different  nonlinearities  are  involved  in  generation  of 
the  boresight  error  effects  and  of  the  effects  of  the  estimated  boresight 
error  compensation. 


Based  on  a consideration  of  the  results  in  these  four  tables,  we 
conclude  that  the  basic  engagement  scenario  simulation  is  working  effec- 
tively. Accordingly,  we  consider  that  we  are  nearly  ready  to  proceed  to 
the  next  phase  of  the  engagement  simulation  — namely,  the  generation  of 
the  random  laser  backscatter  signals,  with  appropriate  statistics.  This 
will  be  treated  in  a subsequent  chapter.  In  the  next  chapter,  however,  consider 


if  available. 
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Table  2.1 


High  Crossing  Velocity  Engagement 


rp(0)  = (6.  OxlOB  , 6.0x106  , 5.29x106)  m 


= (-3.  5X103  , 

3.5x103  , 0.0)  m/sec 
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Table  Z.2 


Low  Crossing  Velocity  Engagement 


Tp  (0)  = (6.  0x105  , 6.0X10B  , 5.29X106)  m 
V =(-200.0,  500.0,  490.0)  m/sec 


^0.0 


B,  ? 


0.0 

0.0 


0 


B,  -p 


= 0.  0 
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115*  rr5Ti>^c£ 

Th*T4 

THI 

csec . ) 

( HE  ’■*95  ) 

( rr*ccs ) 

( e*?. ) 

( 9*0.  ) 
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Table  2.3 

Low  Crossing  Velocity  Engagement 
With  Laser  Boresight  Error 


f.{0)  = (6.0X10B  , 6.0X106  , 5.29X106)  m 


= (-200.0  , 500.0  , 490.0)  m/sec 

^8,  0 ” ® 

= 0.0 


A . = 8.  0 M'rad 

B »0 
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Table  2.4 

Low  Crossing  Velocity  Engagement 
With  Laser  Boresight  Error 
And  Boresight  Error  Estimates 


r(,(0)  = (6.0x10b  , 6.0xl0B  , 5.29x10b)  m 


> 

r 

D 

= (-200.0  , 

500.0  , 490.0)  m/sec 

^s.0 

= 8.  0 p,rad 

^8,0  = 0 tA**®*^ 

‘b,  F 

= 8.0  jirad 
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0.450 
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1 . OC  04  E-*  36 
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3.90355*00 
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1 .01 29C5 

0.736062 

1.2C0 

1.0C05E-*06 

■*.  2 0435*00 

1.012790 

0.736091 

1.250 

1. 0C06E.C6 

3.75445*00 

1.012775 

0.796120 

1.3C0 

1.0C06E*36 

3.20265*00 

1.012760 

C, 736149 

1.  350 

1. 0C06E*36 

3.2322*^*00 

1.012745 

3.736179 

1.4CC 

!.  OC  065*36 

3.93695*00 

1.012730 

0. 786209 

1.450 

1 .0C07(i*06 

3.20065*03 

1.012715 

0.  73623'» 

1.5C0 

1,0C07£*06 

3.'»9f  5c  *03 

1 .012700 

'’.  786267 

1.550 

l.OC  375*06 

3.23645*03 

1.012665 

C. 796296 

1 . 6C0 

1.0C07£*3t 

3.79955*00 

1.012670 

0.796325 

1.650 

1.0C37S*36 

3.20475*00 

1.012655 

3.796354 

1.7C0 

1 .0C055*36 

3. 20475. OT 

1 .01  26  43 

C.  786384 

1.750 

1. CC  09  5*36 

3.79956*03 

1.012626 

0.796413 

1.  SCO 

1 . OC  05  E*  -6 

3.«»c;25*:3 

1.012611 

r.7cr<.42 

1.350 

1. 0C  39  5*Ct 

?.“l2  9r 

1. Cl  2:96 

3.796471 

1. 9C0 

1.  OCOS  E*36 

•.••Ot  £2*03 

1.01256: 

0.786501 

1.950 

1.  OC  0cE*06 

3 .*  34  35  *0" 

1.312266 

796533 

2.0C0 

l.0C345*36 

3.2 -16  05*  03 

1.012551 

0.79e  555 

2.050 

1 . OC  n<;  f*  3‘ 

1.012:36 

3.7-^589 

2. ICC 

l.OC  095*06 

3.* OB  05*03 

1.312*2: 

0.79(6!: 

2.153 

1.3C  U5*06 

3.75162*03 

1.312*06 

C. 7 8664 7 

2.2CC' 

1. OC  1CE*06 

3.®  13  *5*0  3 

1.0154;: 

3.7*6676 

2.250 

l.OC  1C5*C:6 

5,23t'’'’.o‘' 

l.Cl?47t 

3 . 7 *>  ( 7 0 6 

2.  3C0 

i.oc  ir5*Ct 

3.90t7c .5* 

1 .012461 

C.76e  77  ; 

2.  ?5C 

1. 3C  iCf  ♦;£ 

3. 2 CC 65 *03 

1 . 01  241.6 

0.79(764 

2.  4C0 

l.OC  115*C6 

3 . 2 3c  25  *C3 

1.31243: 

: . 7 * ( 7 r,  T 

2.45C 

l.OC  115*C; 

3 . 2 1 ■*  3f  ♦ r 3 

1 .01241 S 

C . 7 * ( -'  .2  3 
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Appendix  to  Chapter  Z 

Computer  Main  Program 
and 

Subroutine  Listings 


Main  Program 


DIHENSICM  PS7(3).  V'(3).  v’(2).* 

CP(3)t  0V(2).  LC'VC*),  C(3>.  CV;P(3)t  UT(3>.  l:G(3).  £c?{3).2 
2(2).  )il(3).  ET*C*),  :)3(3).  UL(T),  P'5(3),  DL  M(  3 ) .UCP  ( ! ) . i 
STCtCd).  PSClCCS).  Uc0uC(7).  rq(2),  ;C(?) 

/I^^LT/  PS?.  VS.  V’’.  C f- . CD.  E- 

N=PINT  = SO 
31  s 2.1P1SS?«54 
2(1)  I C. 

2(2)  J ?. 

2(3)  s 1 . 

T I C. 

0)  : l.:*-2 

N I 0. 


c* 

C*  SFtC’.PY  EkGtGE'I'N-'  cARSuTfEc?. 

C* 


P£Z( l ) - C . 
PS2(2)  : C. 

PS  2(3)  - r. 

VS(1  ) : 4. PS? 
VS(2  ) s 7. 1S2 
VS  ( 3 ) = 7.1-2 
P''2(  1 ) : < .'*• 
PT2( 2)  = ( r 
?7Z(3)  = S.rPSES 
V?())  - i.?-:"* 
VT(2)  I 1.21'? 
VT( 3 ) = 1 . 2: ? 

DEI  1 ) = 6."-6 
DE ( 2 ):’."- S 
EEd  ) = -6.S-( 

EE(c  > = -3.- -C 

GC(  1 )sl. 

GC(2)il. 

GC(3  )sD. 


c* 

:•  CCWEPT  TC  SI«  = E3SVCE  r00PriN»T=S. 

c* 


C»LL  sut*  (PT;,RSZ."’.-1  » 

C«LL  sur  (VT,  vs,  ''V.  -1) 

C»LL  CVECT  CO'S.  UC^.  nof,  ) 

C»lL  LVECT  COV.  'JCV.  OV**,  !?) 

c* 

C»  CILCULATE  OlSTANCs  IT  CLOSEST  IrPROiCh, 

C* 

c« **»«•••««••••«••««•»»««»«* »•»»»«*»»«»•*•*«»*»**«»••••,•*»••• 

CILL  COT  (UC*?,  LOV.  OL'PV) 

%f  s CUKV*OKM 

CILL  «C»»'JLT  (SF,  COV.  OvEi^) 

CiLi.  SUK  (OP,  0V5e,  " . -1) 

CILl  LVeCT  (0,  C.  0**,  IE) 

PRIPT  IC,  0P,CURV,psZ,VS,B'''2.VT,05 
PRUT  11 
PRUT  12 

10  FCRMT  C"1“,"CLCSeSt  I PpOC  * C H:  " , E 1 0 . 3/ / " COT  PRCOUCT  ="X 

E1C.3//"  »;Z  VECTOS'  s",3FlC.7//"  VS  VECTCR  ="3Eia,*//X 
■ ST?  VSCTCO  S-.3E10.3//"  VT  VECTOR  :“,3£lC.3//“  06  VECTO*?  = “X 
«3E1C,3  ) 

11  PCRMT(-l-,'V,"T!f'*-.EX,"RAKGE".6X."Ml3S  Cl«T»NCE",X 

4X,"THETI",irX,"0HT-> 

12  '=C^Sr’*T(SX,"(SEC.)",'X,“(METcRs)",7x,-(M£TEPS)",9X,"(7iO.)-.SX,X 

"(RIC. )") 


C* 

c* 

c* 

c< 


UITIIlIZE  SsRvC/GIHSRL  UO  set  SERVO  pirI'iETERS. 


SCTsSCPTCL  0F( 1 )*UCP( 1 )*L0FC  r )*U0R( 2)  ) 
T*-ETAZslTlNe(SQT.L'‘PC  ?>) 

PH2  s ITlNcCtOFCZ),  UOFCD) 

SFREO  = ICO. 

3*U  s 27. 91  5E»EFREC*SPRE0 
CLEO  = EXP<-CT^2<pi5I*e-ccO) 

?*-UTl  : C. 

PHATe  5 CHIZ 
TUKTl  s C. 

T'-UT*  : ThE''It 

other  = 0. 

OFhER  = 0. 

T»-ETl  : TUNt; 

PR  I = print; 

ClwL  S = RRE:  (•'HETA,  ori,  1.,  UC) 


- 47  - 


r>  **> 


I^CKE^'t^T  CLOCK. 


ICC  N 5 N ♦ 1 
T r T ♦ :-T 


c*  I^CRer?^ 

C*  OETi:^!  z 

c* 

C # •*  **»»».>  c-  IT 


9 4 


T ’■iPGET  ~C?ITIC\  4K0  'TORE. 
ELiTEC  TiPOFT  OCEITION. 


C#CL 

USL’'  (J 

• f 

CT. 

''P.  DV 

. vP) 

c»ll 

S T A ; T N 

( 1 

. ?R  ) 

c»ll 

lveck: 

P. 

LOR  . 

OFn. 

!?  ) 

TT.e  r 

[FM/ ( ? 

c 

• 

S'l'T'’'  1 

I'  ( N 

.LT .f  TF 

> 

oc  ■»:> 

ICO 

CFlL 

ST  ACC  T 

( 1 

. TTP 

. p»Cl 

D 

call 

LVEC’  ( 

5f OuC. 

u'^.  p.  :e) 

call 

SUA-  (LIT 

• LO,  F“ 

r , - 1 ) 

call 

CFCTT  { 

7 • L C . 

> T 1 

CaLc 

LVcCT  ( 

V : , •< : , 

^1*1.  I-> 

call 

CFCjC  ; 

'JC  • » I ' 

^T4  , 

; A L (. 

:-jT  (:% 

= . ’■T  a. 

'c?-L) 

:-F  p- 

L:-b  RF  El 

♦ ? ? ( t •) 

d'.i 

::■!  Cv 

p . A : . 

r r -.  . . 1 

FF  .?t 

"TCI 

c • 

C*  CC^FUTE  TiPrET  T^fCiflKC  EPPOP  »E  S^EN  3Y 

C»  StN'OC  CN  ■'i-f  (tC'iN'G  ’l^E  CFlAY-C 

c»  T^sGcT  F ■:•;  T’ :c-'o . 

C* 


^ ^ I?  JT  ^ •.’  ^ ^’*  J?  ■*•  <*  *•'*  <r- 

c* 

C*  I ► PL  ' t' : ^ T ft  ■. 

C* 

C »»«««  w V ^•-  4-  4'-  . .;.  4?  :>  V-  V f.  4 r. 


JT-  4i  n 4 9 ^ 7*  9 JCi  9 ^ 41  A « 9 <t  ^ <L  ^ <1 9'  4 n 

;p/c  F■'I^^’r^c  L'PCiTE. 

r.  j;  V c -T- >r-  4 ■ <1  r-  » i> 4‘  *«?  ij  c T-  «■•  » f * 9 * » <1  <■  <■•  ;>  » » 41  ?•  n -r- 


EFFI 
01  T>- 
OlFF 


r : c » 
( •:  Jv 
{"CCS 


/TP. 


-A-'  , o^-rpi/d. 

44  CF  •'{?)/{;. 


c.e  ir ) 

C LF  ftCI 
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OTHitf  s 
OCHE9  : 

OeTt-  : :iTI-  • Ci!M 
OcPK  = C1  = H G*rv 
TUMI  : Thil^lTl  - ’>''»n2TM 
Ol-un  s FHlNTl  * r-»  » O^iTu 
THM2  s T-tlN’’  * TmTMTI 

eMKT£  I PhIm"’  * “•'  » PwlvTi 
T>-£TA  : Tnh'j 
PH  s BHTKT2 

c*uL  ssv-^r:  (Thtta,  <^-1,  i.,  ug) 


c* 

C*  iKTPOC'JCi  LaS''»  FpP(««. 

C* 


Tl=  ThETA^Ocd) 

oi=FMI*ce( 3> 

CALL  S®HP?CC*'l  tCl  ,1  ..L'L) 


C* 

C*  CAlCULATc  (.asFC  •'AoGpt  ?I?T»NrP. 


C* 

C# 


JH* 


CALL  STACIN  (2.L-) 

TTFi=2»TTF 

call  STACCT  C2.  TT*-?,  jtnLD) 

CAlL  cot  (UT,  ULGLi?,  ^TL) 

SF  s -OTl*P 

call  LSL'M  (1.«  SP.  p^OlO.  iJLOLO.  OlH  ) 
call  LVECT  (OLMt  C.^*.  OIMF,  IE) 

IF  ((^/^sCI^’•)*^oPT^T.Me.^l)  GC  TO  ICC 
PRIFT  cCO.  T.  R.  '*L^^F,  TMtT#,  PMX 
2C0  FCRFAT  ( FU  .T.'XtlPFlO.t.FX.FlC.A.SX.  0FF10.6.5X.  FI0.6) 
IF  <N.lE.?OCO)  CC  100 

EFO 
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lir| 

in' 


Ztt***»***-v*Ji  ********  *^*it*0*^*0***0*m*  *************  ******  ******* 

c* 

C*  TUS  SUC^^CU^1^E  rp^INES  »EU»TlOKSt-!F  EETU'E^K 

C«-  Ti-E  SfHeFiC*L  CcCFOtNS'^E^  <3F  » VEC^CR  A^O  lT« 

C«^  RCCTAKGLL^P  CCOcriNtTEE. 

c* 


EUCPCUTUE  3FHCEC  C^FET*,  FHl  , 9,  V) 
CI^E^5IO^  V(!> 

s SINCT».E7A)*CCS(r^‘»)<‘P 
VO  s ? 1N( ’V  E7  A )'^S  U(  PH;  JoF 
V«:)  s CC  S{  Tj-FTA  )«f: 

PLTUPK 


o r> 


CFOS'. FCPTff*N 


C* 

c* 

c* 


TUS  SUEPCUTI^Z  '■AKFS  'HE  CFO'S  PFOCUCT  OF 
TCO  VFC'OF;. 


» •«  »«  •■0  «««'««  « 4^-9  9*  I 


SUSPCUT 

!^S  CFC 

c c 

( VI  . 

V2, 

V3) 

c:^ 

cF  S I 0^  V 2 ( 3 ) , 

V7(  7 

) . V7(  i ) 

2)  = 

2(  £)<' 

Vc( 

- 

V2{ 

3)*V2( ?) 

V3: 

^ ) - 

V 2 ( ' ) 

V?(2  2 - 

V2( 

2 )’:  \?A 

3) 

V3f 

3 ) : 

M f 1 ) - 

V c( 

n - 

V2C 

25' V 2( 

2 2 

Ffr 

UFN 

cf.L 
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.-i 


ECdv.^rp’^AN 


O*'  Ij-"?  •■«!  . 

c* 


i;- 


Tl-I'  SUCPCUT:^t  'CUIVALENcE  iC'^uEe\ 

Tvo  ViClCP'. 


*.  ^ 4^  4,t  ^ 4^  15  ^ J 


EUCECU'Uc;  "Ctiiv  <V1,  V') 
c!^^^3:^'f  \i(?u  vnn 
\ciCl)  : u ( J 1 


usur.»^Of  tkun 


c« 

c* 

c* 

c* 


TUS  SUEPCUTI^C  C*LCUL»’CS  THE  WEIGHTED  StM 
OF  TUO  VECTORS. 


««»«*«««< 


SUERCUTI^t  VJSUF  (Al.  Ae,  Vl.  V2,  V3) 
CI^E^S!0^  Vl<3).  V2(3).  V3(3) 

V3(  n = M*V1  ( 1)  ■*  A£*VE(  1 ) 

V3(2)  = ♦ A?*V2(2) 

V 3 ( 3 ) - 1 < V ! ( ! ) ♦ A t '•  V 2 ( 3 ’ 

hE''UFN 
t NC 


X 


c* 

c» 

c* 

C f- 


TUS  *UERCU■'I^E  SL'm  O'  CI^FEPENC^  CF 

■'l.O  VfcCTCFS. 


*UERCUTI^^  EI;m(V!,  \2,  V7.  D 
^I^E^SIO^  Vl(3),  VJt?).  VI(-1 
IF  ( 1 .{  C.  I ) r-r.  rc  t :■ 


1C 


V i t 1 ) = 

1(1) 

- 

\(?(  1 ) 

V3(^!  : 

\ 

;( 

- 

V 2 ( c ) 

V ’ ( 3 1 : 
rnuf  N 

\. 

: { 7 ) 

V ; ( ' > 

’.  ■ ( 1 ; = 

\ 

1 ( 1 'y 

4 

'.  ■ X ? , - 

* 

- 

► i.  ’’  IJ  ► N 

• . T 

'i 

\ • i ■ ‘ 

i 

f r.( 


scmult  .foi;tr»k 


c*************** *«»••«•*»•»*«••»*«»***»*••*•»*»«•*»*** 

c» 

c*  Tn<  «ue»?cuTue  mol-^iplips  « vector  er  4 sciler. 
c* 


'UERCUTIKE  SCMILT  (A,  VI,  V<) 
ClfEfSiOA  V1C3),  V2<3) 

V2C  J ) s ^•V  1(  1 J 
V2(2)  = 4*M(  2) 

V2(3)  = *-Vl(3) 

PHUPN 
ENt 


1 

. i' 

■ W 

■ -s 


t. 

i, 

X 

! 


5 


ST*COT.FORTp*ii| 


c» 

C*  THIS  SCBKOITINE  PPCVIOES  A PAST  VALUE. 

C* 

C« »«*«*•*•«•»«•«*«*«••*«•«*«•«•«««***»»»»**•• 


SlBROLTlNE  STACC”^  (T.  XJ,  V) 
DIHENSICN  V(1) 

CCMf-QA  VSC4.  10.  4) 

J * IKT(X,) 

J1  s J*1 
OXJ  s X*-. 

OJ  s l-DXJ 

VCD  s VSC  I.  J.l)*CXj*VSCI.  Jl.l)*DXJ 
VC2)  s VSf I. J.2)*CXJ*VS( I, J1 ,2)*DXJ 
VfS)  s V j(  I.  J.?l*CifJ*VSC  I.  J1,3)*0XJ 

RETURN 

EAO 
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c* 

c* 

c* 


THIS  SL'5S01'»’INE  S'^COfS  P*?T  VALUES 


9« 


SUE9CUTIA*  STACIN  (I.  V) 


CI^E^3 

lo^ 

V( 

1 

) 

C0^MCN 

V'(<  , 

ic. 

6 ) 

CC  1C 

1 

w • 

1 . 

9 

V5<  I . 

n- 

j* 

1 

) s 

VE(  I , 

IC-j. 

1 » 

V5(  I. 

11- 

j. 

5 

) : 

VT(  T . 

IC-J  . 

21 

1C  vsd. 

11- 

J « 

) : 

V‘^(  ! , 

IC-J, 

3) 

vs(  I . I . n 

VS( I.  I . 2) 
V 5( I , I , 3) 
RETURN 
enl 


V(  1) 
V(c  > 
V(3) 


Chapter  3 


Outer  Loop  Control 
of 

Laser  Pointing  Boresight  Error 


3.  1 Introduction 


In  Chapter  2,  we  considered  the  problem  of  modeling  a 
laser  weapon  space  engagement.  We  showed  how  a high  servo  bandwidth 
pointing  system  could  be  implemented  to  maintain  a tight  track  on  the  tar- 
get by  means  of  a shared  aperture  sensor.  (The  concept  of  a shared  aper- 
ture, though  not  explicitly  spelled  out  there,  was  implicit  in  the  assump- 
tion that  the  transmitted  laser  beam  direction  was  directly  tied  to  the  sen- 
sor field-of-view  centerline  (i.  e. , if  one  changed,  the  other  changed  by 
the  same  amount).  The  target  tracking  was  tight  in  the  sense  that  the  image 
of  the  aimpoint  on  the  target  could  be  kept  very  well  centered  in  the  sensor's 
field-of-view.  However,  this  provided  no  assurance  that  the  laser  beam 
actually  was  incident  on  the  desired  aimpoint.  In  fact,  as  was  shown  pre- 
viously, because  of  laser  pointing  bias  and  because  of  the  failure  to  cor- 
rectly accommodate  the  point -ahead  effect,  the  laser  beam  generally  missed 
the  aimpoint. 

It  should  be  possible  to  control  this  error  by  observing  the  laser 
miss  distance  and  closing  a laser  pointing  servo  loop  with  this  information. 
Unfortunately,  because  of  the  large  delay  time  involved  in  the  ro\ind-trip, 
speed  of  light,  transit  from  the  laser  to  the  target  and  back,  such  a servo 
must  have  a rather  low  servo  bandwidth  if  it  is  to  be  stable.  If  we  were  to 
use  this  kind  of  a servo  to  track  the  target,  because  of  the  low  bandwidth 
its  basic  performance  would  be  poor.  The  system  would  be  sluggish,  the 
servo  settling  time  would  be  long,  and  against  rapidly  moving  targets,  the 
servo  lag  would  be  unacceptably  long. 

There  is,  however,  a way  around  this  problem  — a way  to  have  our 
cake  and  eat  it  too!  We  can  have  high  bandwidth  laser  pointing  control,  and 
yet  use  the  observed  laser  miss  distance  to  control  the  pointing  — nulling 
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the  miss  distance  and  yet  retaining  stable,  high  servo  bandwidth  perform- 
ance. The  key  to  this  concept  is  to  start  with  the  ordinary  shared  aperture 
image  tracking  high  bandwidth  servo,  and  embed  this  servo  loop  within  a 
much  lower  bandwidth  servo  loop  designed  to  only  control  the  bias  error. 
The  underlying  assumption  in  this  concept  is  that  the  laser  pointing  bias 
error  only  varies  very  slowly,  and  so  can  be  adequately  controlled  by  this 
outer  loop  low  bandwidth  servo. 

The  outer  loop  servo  interacts  with  the  inner  loop  in  the  sense  that 
its  output  serves  as  a bias  in  the  demodulation  of  the  high  data  rate  target 
image  sensor,  thus  biasing  the  pointing.  It  accepts  as  input  the  laser  miss 
distance,  which  is  determined  by  the  gimbal  pointing  one  round-trip  transit 
time  ago.  (In  this  report,  we  ignore  the  question  of  how  this  outer  loop 
senses  the  laser  miss  distance.  This  is  to  be  taken  up  in  a subsequent 
report.  ) Because  of  the  round-trip  transit  time  delay,  this  outer  loop  must 
have  a low  servo  bandwidth  if  it  is  to  be  stable;  but  this  does  not  prevent  the 
inner  loop  from  tracking  the  target  image  with  a high  servo  bandwidth  — 
this  is  tracking  with  a slowly  adjusted  bias  correction  imposed  on  the  track. 

In  the  next  section,  we  discuss  this  inner  loop/outer  loop  tracking 
arrangement  in  more  detail,  and  consider  some  of  the  special  features  we 
shall  incorporate  in  the  outer,  bias  control,  servo  loop.  In  the  section 
after  that,  we  shall  present  a set  of  sample  results,  evaluating  some  of 
the  design  parameters  and  showing  what  kind  of  performance  we  may  ex- 
pect against  a fixed  boresight  error  and  against  a linearly  varying  bore- 
sight  error. 


3.  2 Inner  Loop/Outer  Loop  Servo  Conaiderations 


The  basic  inner  loop  high  servo  bandwidth  target  tracking /outer 
loop  low  servo  bandwidth  bias  error  control  concept  that  we  shall  be  work- 
ing with  is  depicted  in  Fig.  1.  The  inner  loop  consists  of  1)  the  high  band- 
width local  servo  network,  2)  the  gimbal  and  shared  aperture  optics, 

3)  the  target  sensor,  and  4)  the  summing  node.  This  portion  of  the  sys- 
tem operates  in  just  the  manner  that  we  described  in  Chapter  2 , 
and  we  need  not  discuss  its  details  further  here,  except  to  remark  that  it 
is  a type  two  servo  with  a 100  Hz  servo  bandwidth.  The  outer  loop  takes 
as  one  of  its  components  the  entire  inner  loop,  taking  as  its  output  from 
that  "unit"  the  gimbal  and  shared  aperture  optics  pointing  and  taking  as  its 
input  point  to  that  "unit"  the  summing  node.  The  gimbal  and  shared  aper- 
ture optics  provide  pointing  for  the  laser  beam  and  also  for  the  target  back- 
scatter  sensor,  allowing  the  backscatter  sensor  not  only  to  view  the  laser 
backscatter,  but  also  the  target  (in  the  target  tracking  sense),  so  that  the 
backscatter  sensor  can  measure  the  distance  by  which  the  laser  beam 
missed  the  target  aimpoint.  ^ The  outer  loop  can  be  considered  to  consist 
of  1)  the  inner  servo  loop  unit,  2)  the  laser,  3)  the  target,  4)  the  target 
backscatter  sensor,  and  5)  the  low  bandwidth  servo  network. 

Assuming  that  the  target  backscatter  sensor  can  actually  tell  what 
the  laser/target  miss  distance  was,  then  it  can  form  a bias  control  signal 
to  compensate  for  this  miss  distance.  This  control  signal,  if  used  to  bias 
the  inner  loop  track  error  demodulation,  as  indicated  in  Fig.  1,  will  cause 
inner  loop  pointing  of  the  gimbal  and  shared  aperture  optics  to  "point  away 
from"  the  apparent  target  position  by  just  enough  to  compensate  for  the 


f It  shoiald  be  recognized  that  the  laser  beam  miss  distance,  as  determined 
by  the  target  backscatter  sensor,  is  not  really  dependent  on  the  shared 
aperture  pointing.  Thus  in  the  sense  of  servo  theory  control,  there  is 
no  link  from  the  shared  aperture  optics  to  the  target  backscatter  sensor. 
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laser  bias  and  roimd-trip  transit  time  delay  point-ahead  effects  — so  that 
the  laser  beam  will  be  ej^ctly  incident  on  the  target  aimpoint.  Because 
the  target  backscatter  sensor  is  sensing  the  effect  of  laser  pointing  as  per- 
formed one  round-trip  transit  time  ago  and  controlling  the  present  laser 
pointing,  there  is  a potential  servo  stability  problem.  To  insure  that  this 
bias  control  servo  is  stable,  the  servo  bandwidth  must  be  low  enough  that 
the  phase  shift  and  the  bandwidth  limit  (0  dB  open  loop  gain)  frequency  is 
much  less  than  n/2  for  a time  delay  equal  to  the  round-trip  transit  time. 
Thus,  with  a round-trip  transit  time  of 


■^n/T  = 2 R/c 


(1) 


where  R is  the  target  range,  and  c = 3x10®  m/sec  is  the  speed  of  light, 
the  outer  loop  bias  control  servo  bandwidth  f^^  must  be  such  that 


2nf.T,.  <iTT 

BC  B/T  ^ B 


(2) 


or 


b/T 


(3) 


In  practice,  there  is  a further  constraint  associated  with  the  time  for  the 
target  backscatter  sensor  to  process  the  signals  it  receives  and  determine 
the  apparent  laser  target  miss  distance.  All  of  this  time  should  be  incor- 
porated into  a time  delay,  , which  actually  constrains  the  servo  band- 

width so  that 


^BC< 


(4) 


We  shall,  somewhat  arbitrarily,  restrict  our  attention  to  a type -one 
servo  for  the  boresight  error  control  outer  servo  loop.  Thus  the  low 
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bandwidth  servo  network  of  Fig.  1 may  be  considered  to  consist  of  a gain 
factor  G followed  by  an  integrator.  Operating  open  loop,  if  the  target 
backscatter  sensor  output  is  e(t)  , then  the  network  output  would  be 

t 

G f dt'  e(t') 

0 

Operating  in  a sample  data  sense  with  a sample  time,  st  , the  corres- 
ponding output  at  time  t = N 6t  would  be 

N 

G ^ 6t  e(n  fit) 

»=  1 

In  the  context  in  which  we  shall  later  wish  to  apply  our  resvilts,  it  is  con- 
venient to  consider  a network  input  update  at  a time  interval  , in  which 
case  the  output  at  time  t = N would  be 

N 

c 2^  «(n  Tp  ) , 


where 

C = G T. 
0 


(5) 


For  a type-one  servo,  the  gain  is  related  to  the  bandwidth  by  the  expression 


G = 2tt  f, 


BC 


(6) 


If  we  replace  Eq.  (4)  by  the  equality, 


(7) 
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where  a is  a quantity  which  determines  tiie  time  delay/servo  stability 
margin,  then  we  can  rewrite  Eq.  (5)  as 

C = Zn/a  • 

This  then  allows  us  to  consider  die  incremental  update  version  of  the  outer 
loop  servo  network  as  having  an  output  equal  to 


N 

(2n  /a)  ^ «(NTg  ) 

n»l 


In  this  form,  a specifies  the  desired  servo  stability  parameter  with  the 
update  time  interval,  , in  effect,  defining  the  servo  bandwidth.  It  is 

never  necessary  to  explicitly  calculate  the  servo  bandwidth  or  the  gain 
(i.  e.  , the  gain  in  the  conventional  sense).  With  this  definition  of  the  outer 
loop  servo  network,  we  are  directly  able  to  carry  out  numerical  simulation. 

It  is  interesting  to  note  that, with  this  definition  of  the  servo  network, 
it  is  possible  to  operate  with  a variable  time  delay.  During  the  laser  firing 
engagement,  the  time  delay  for  bias  control  servo  update  can  be  continuously 
changing.  Nonetheless,  a servo  implemented  in  accordance  with  this  servo 
network  approach  will  maiutain  a constant  stability  level  (as  specified  by  a )» 
continuously  adjusting  the  effective  servo  gain  and  bandwidth  to  match  the 
update  time  interval.  The  ability  to  accept  a changing  update  time  without 
a major  servo  modification  is  potentially  significant  in  the  work  we  shall  be 
doing  later,  where  we  consider  the  practical  aspects  of  the  target/backscatter 
sensor's  realization. 

With  this  definition  for  the  bias  control  servo  network,  we  are  pre- 
pared to  simulate  the  system  of  Fig.  1.  In  the  next  section,  we  describe 
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target  backscatter  sensor  can  function  "perfectly"  to  determine  the 
laser/target  miss  distance  at  the  desired  data  rate. 


3 . 3 Ideal  Sena  or  Bias  Control  Servo  Simula  ti  on 


in  Chapter  2 , we  developed  the  details  of  a laser  weapon 
space-to-space  engagement  computer  simulation.  We  shall  use  that  same 
computer  simulation  model  here,  except  that  we  shall  add  to  it  a sensor 
capability  to  determine  the  laser/target  miss  distance,  taking  proper  account 
of  the  round-trip  transit  time  delays,  and  a servo  network,  simulated  in  ac- 
cordance with  the  discussion  in  the  previous  section  to  control  the  bias  error 
niilling  outer  servo  loop.  The  output  of  the  network  is  input  to  the  target 
sensor  track  error  demodulator  at  the  point  previously  provided  for  input 
of  a boresight  error  estimate. 

In  the  appendix,  we  list  the  resultant  computer  program,  with  a set 
of  outer  OO-loops  that  allows  us  to  cycle  through  an  engagement  with  various 
values  of  o » with  different  inherent  boresight  errors.  Using  this 
program,  we  have  generated  results  for  a = 3,4,  6,  8 , and  for  the  case  of 
a fixed  boresight  error  of  50  p-rad  in  each  axis,  and  for  a boresight  error 
that  starts  at  zero,  but  grows  at  a rate  of  10  ^^rad  in  each  axis.  The  en- 
gagement corresponds  to  a starting  range  of  1.0  Mm  . The  closing  velocity 
is  440  m/sec  , while  the  crossing  velocity  (i.e.,  the  relative  velocity  per- 
pendicular to  the  line -of- sight)  is  580  m/sec  . We  have  run  engagements 
with  boresight  error  update  times  of  20  msec  , 40  msec  , and  80  msec  , 

always  using  1.  0 msec  as  our  basic  simulation  clock  time.  Selected  por- 
tions of  these  results  are  listed  in  Tables  1,2,  and  3 , and  graphed  in 
Fig.  's  2 , 3 , and  4 . 

In  Fig.  2,  we  show  the  laser  miss  distance  that  we  would  expect 
for  this  engagement  if  there  is  no  bias  update.  As  can  be  seen,  after  the 
first  .02  sec  , the  initial  transients  have,  for  the  most  part,  settled  out 
and  we  appear  to  be  pointing  with  about  a 2.  6 m bias  error.  (This  can  be 
attributed,  in  part,  to  the  point-ahead  requirement  which  is  not  being  ful- 
filled, and,  in  part,  to  a small  amount  of  pseudo  servo  lag  inherent  in  our 
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finite  time  increment  simulation. ) After  this,  the  miss  distance  can  be  seen 
to  be  growing  with  tirhe,  just  as  we  would  expect.  In  Fig.  's  3a  , 3b  , and  3c  , 
we  show  the  results  of  closing  the  boresight  error  control  loop  with  a miss 
distance  update  every  0.020  sec  (i.  e. , = 2x10^  sec  ).  Results  are  shown 

for  the  stability  factor , a , set  equal  to  8,6,  and  4 . The  corresponding 
tables  of  results  are  listed  in  Tables  la  , lb  , Ic  , and  Id  , where  Table  Id 
corresponds  to  a = 3 , for  which  we  have  not  shown  any  corresponding  figure, 
since  the  servo  performance  is  apparently  unstable.  It  is  obvious  that  the 
optimum  compromise  between  servo  stability  and  boresight  error  drift  track- 
ing is  achieved  with  a = 6 . In  Tables  2a  , 2b  , 2c  , and  2d  , we  show  cor- 
responding results  for  a fixed  boresight  error  of  50  p,rad  in  each  axis.  Here 
again  we  see  that  with  a = 3 » the  bias  control  servo  loop  is  unstable,  and  that 
with  a = 4 , the  damping  of  errors  is  unacceptably  slow.  The  results  with 
a = 6 indicate  that  this  value  of  a represents  a good  choice  of  the  stability 
factor.  Accordingly,  our  other  resvilts  will  be  for  this  value  of  the  stability 
parameter. 

In  Fig.  's  4a  , 4b  , and  4c  , we  show  the  dependence  of  the  residual 
laser  miss  distance  on  the  boresight  error  update  time,  . (Fig.  4a  is 

identical  to  Fig.  3b  . ) Results  are  shown  for  a = 6 and  = 0.  020  , 0.  040  , 

and  0.  080  sec  , respectively.  The  corresponding  results  are  listed  in 
Tables  3a  , 3b  , and  3c  . As  can  be  seen  from  these  results,  the  longer 
the  update  period,  the  poorer  the  performance  — but  there  is  no  sharp 
breakpoint.  It  is  obviously  desirable  to  work  with  as  short  an  update  time 
as  we  can  realize.  (Obviously,  however,  we  must  not  try  to  make  the  update 
time  shorter  than  the  round-trip  transit  time  or  the  loop  will  necessarily  be 
unstable. ) 

In  reviewing  these  results,  it  is  important  to  realize  that  we  have 
deliberately  picked  a very  large  boresight  error  and  boresight  error  drift 
rate  — so  that  the  residual  errors  would  be  clearly  discernible.  Obviously, 
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a 10  i^rad/sec  boresight  error  drift  rate  is  much  larger  than  we  would 
reasonably  expect  in  a fielded  laser  weapon  system.  If  we  could  keep  the 
boresight  error  drift  rate  to  one-tenth  that  value,  the  residual  error  would 
be  correspondingly  smaller.  With  this  thought  in  mind,  we  can  see  that 
even  the  = 0.080  sec  update  period,  as  shown  in  Fig.  4c  but  scaled  by 
a factor  of  one -tenth,  would  yield  very  good  performance.  The  worst 
case  laser  miss  distance  would  be  only  about  10  cm  , as  compared  to  an 
uncontrolled  laser  drift  rate  across  the  target  of  1.  0 m/sec  . It  is  fairly 
obvious  from  these  results  that  the  concept  of  an  outer  loop  bias  control, 
operating  in  the  type -one  servo  mode  with  a stability  factor  of  a = 6 , pro 
vides  a basic  capability  to  constrain  boresight  error  effects.  Our  basic 
problem  at  this  point  is  to  define  a basis  for  operation  of  our  target/back- 
scatter  sensor  so  as  to  provide  a measurement  of  the  laser  miss  distance. 
We  will  take  this  up  in  the  following  chapters. 
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Figure  3.  1 . Local  Inner  Servo  Imbedded  in  a R/T  Delayed  Outer  Servo  Loop. 

The  outer  servo  loop,  based  on  observing  the  laser  backscatter  signal,  com- 
pensates for  the  bias  errors  in  the  local  loop.  The  low  bandwidth  of  the  outer 
loop  is  directly  related  to  the  round-trip  transit  time  delay  from  the  laser  to 
the  target  and  then  back  to  the  backscatter  sensor.  The  heavy  lines  indicate 
the  gimbal/shared  aperture  optics  effect  on  the  target  sensor,  the  laser  trans- 
mitter, and  the  target  backscatter  sensor  — which  because  of  the  shared  aper- 
ture arrangement  are  all  identical.  The  broken  heavy  line  indicates  that  while 
the  gimbal/shared  aperture  optics  control  the  orientation  of  the  target  back- 
scatter sensor,  it  does  not  influence  the  miss  distance  value  measured  by  the 
target  backscatter  sensor.  The  thin  broken  lines  indicate  a light  propagation 
between  the  target  and  the  shared  aperture.  Each  of  these  dotted  lines  im- 
plies a one-way  speed-of-light  transit  time  delay.  The  dash- dot  lines 

carry  target  position  information,  while  the  dash-dash  ( ) lines  indicate 

laser  light  propagation. 
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Figure  3.2  Laser /Target  Miss  Distance  Without  Bias  Update  for  a 
Time -Varying  Bias  Error. 

The  target  range  is  1.0  Mm  and  the  crossing  velocity  is  580  m/sec  . 
No  correction  estimate  is  included  in  the  servo  for  point-ahead  or  for 
the  10p,rad/sec  changing  bore  sight  error. 
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Figure  3.3  Laser /Target  Miss  Distance  With  Bias  Update  for  Various 
Stability  Factors. 

The  engagement  and  time-varying  boresight  error  are  identical  to  that  of 
Fig.  2.  The  boresight  error  update  rate  is  =0.020  sec  . Stability 
factors  of  a = 8 , 6 , and  4 are  shown  in  (a)  , (b)  , and  (c)  , respectively. 
The  best  results  appear  to  be  provided  with  a = 6 . The  results  for  o = 4 
indicate  a marginal  stability.  Results  for  a = 3 (not  chown  here)  are 
clearly  unstable. 
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Figure  3.4  Laser/Target  Miss  Distance  With  Bias  Update  for  Various 
Update  Times. 

The  engagement  and  time -varying  boresight  error  are  identical  to  that  of 

Fig.  2.  The  stability  factor  is  a = 6 . Results  for  boresight  error  update 

rates  of  t = 0.020  , 0,040  , and  0.080  sec  are  shown  in  (a)  , (b)  , and 
0 

(c)  , respectively. 
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Table  3.1a 

Outer  Loop  Bias  Control  of  a Time -Dependent  Boresight  Error,  With  a 
Servo  Stability  Factor  of  a = 8 , and  a tp  = 20  msec  Update  Time 
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1.0C01E«C6 

e.7346E-C2 

1.013071 

C. 735556 

0.275 

1.0C01E*06 

1. 2953E-C1 

1.013C65 

0.765559 

0.  260 

1.0C01E-»06 

3.3712E-C1 

1 .0l3C6e 

0.765562 

0.2«5 

1.0C01E*06 

4.C3eOE-Cl 

1.013066 

0.765564 

3. 250 

1.0C02E*06 

7.7340E-C2 

1.013065 

0.785567 

0.255 

l.0C02E-»0t 

3.2645E-C1 

1.013063 

0.78*570 

0. 3C0 

l.0C02E-*Ct 

2. 4426E-C1 

1.013C62 

0.785572 

3.  3C  5 

1.  OC  02E'*o6 

4.1426E-C1 

1.013C6C 

0,765576 

0.310 

1.0C02£*C6 

e.7346=-C2 

1.013053 

0.76*579 

3.315 

1.0C02E-*06 

1.1  151E-C1 

I.C13057 

0.7  8556  2 

0.  320 

1.0C02E'*Ct 

3. 3348E-C1 

1.013C55 

C. 785565 

0.  32  5 

1 . OC  02  E*  Ofc 

4. 0731 E -Cl 

1 .013C54 

0.765587 

0.320 

1,Q[C2£*06 

6.41436-02 

1.013052 

0.7  Si  59  0 

0.315 

l.0C02E*06 

1.C637E-C1 

1.013C51 

0.735593 

0.  340 

1. 0CC2E-»0e 

3.2  173E-C1 

1 .013C49 

0. 79*596 

0.  3<  5 

1.0C02E*Ct 

4.CSf OE-Cl 

1.013C46 

0.735599 

0.  3*0 

1 . OC  C2E*06 

e.5759E-C2 

1.013046 

0.755602 

0.3*5 

1 . OC  02E-C6 

1.1151- -Cl 

1.013045 

0.785605 

0.  360 

1.0C02E'*C6 

1. 1 343e -C  1 

1 .013C43 

C.  7 : 5603 

0.  36  5 

1. 0C02E*Ce 

4.CS50E-C1 

1 .013041 

7 856  1 0 

3.370 

1.0C02E*0t 

S.73462-C? 

1 .01 3C4C 

0.73=613 

0.  375 

l,OCOeE«u6 

1. I’C^E-Cl 

1.013038 

0.785616 

0. 360 

1. 0C02E-»06 

1.:725E-C1 

1 .013“37 

C.  7556  1 9 

0.365 

1.0C02E'*06 

4.C55*E-C1 

1.013C3S 

C.  7 = *6£2 

C.  35  0 

1.3C02E'*06 

1.1213E-C1 

1.013034 

0.755625 

0.  35  5 

1 . OC  05E*06 

2.43'4E-C1 

1 .0  13032 

0.755628 

3.4C0 

1.3C02£-*0t 

3.4c;72F-C1 

1.013031 

0.765621 

3. 4C5 

1. OC  02E4Ct 

4.2562F-C1 

1.013029 

0.735623 

0.410 

l.0C02E*0e 

5,335^E-C? 

1.013028 

7 55636 

3.415 

1.3C02E*3t 

1.1493E-C1 

1.013026 

0.735629 

3.420 

1 . OC  02  E*  Cc 

i.?F2iE-c: 

1.013:25 

:.  7 5 5 6 4 2 

3. 42  5 

1. OC  025*36 

4.2345E-:i 

1.013023 

0.75*64= 

3.410 

1.0C02S*06 

5.  1 1C5E-C? 

1.013021 

:.  7 8564  5 

3.425 

1 . OC  02  E* 06 

3.  J’l 2E-C1 

1.013020 

7 6 *65  1 

3.440 

1.0C02H*C6 

1,4426f-Cl 

1.013C1S 

0.75*654 

3.445 

1.3CC2E*0t 

4.l76'i:-C! 

1.013017 

0.785655 

3.4*0 

1. OC  02E*06 

6.  4 U I'-r.  1 

1 .013015 

0.785663 

0.4*5 

1 . OC  02  E*  06 

1.  134SE-C1 

1.012014 

:. 78*662 

3.460 

1 . 0CC2£*3t 

1.t242E-Cl 

1.013012 

0.785665 

3.4t5 

1.0C02E*0t 

4.'»l46E-ri 

I.CIICIC 

0.795668 

0.4/0 

1.0CC2e*06 

e.l 565--C2 

1 .01  2009 

0.785671 

0.475 

1.0C02E*36. 

1 . 1 5 6 1 E - C 1 

1.012007 

C.  7 85674 

3.4g0 

1.0C02E4C6 

1.7  152E-C1 

1.013006 

0.785677 

3.465 

1.0C02E4C6 

4.1 7eSE-Cl 

1.013004 

0.785680 

3.45C 

1.0C02E*0t 

5.5315E-C2 

1.0  no  0 3 

0.7  5506  3 

0.455 

1.0C32E4C6 

1.2-43E-C1 

1.013CC1 

:.  7956  65 

0.  SCO 

1.3C02E«C6 

1.21C7E-C1 

1 . 01  3000 

0.7  = 566  3 
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V Table  3.1b 

Outer  Loop  Bias  Control  of  a Time -Dependent  Boresight  Error,  With  a 
Servo  Stability  Factor  of  o = 6 , and  a = 20  msec  Update  Time 


T IhE 

R t^GE 

MIES  OISTANCE 

theta 

c*-I 

('EC.  ) 

( ME  TEP5  ) 

( McTECS  ) 

(CAD. ) 

( PAC  . ) 

C.0C5 

1.0C0CE*0( 

2.e3'55*C2 

1.013155 

C.  735400 

O.CIO 

1.0C0CE*0t 

3.5^99E*C3 

1.013153 

C. 795404 

G.OIS 

1. 0C0CE*C6 

2.?707E*C0 

1.013151 

C.  73*406 

0.  OeC 

1.0C0CE*06 

2.7930E*CO 

1.013150 

0.765409 

0.  Oc  5 

1.0C0CE-C6 

2.«‘5e6E*C0 

1.013146 

C. 795416 

O.O’O 

1 .OCCCE^Ot 

1.7715E*C0 

1.013145 

C . 7 ? 5 * 1 7 

G.C25 

1.0C0CE-*3t 

1.2041E-ri 

1.313143 

0.755421 

0.  o*c 

1.0C0C  = -»C6 

4.e223E-Cl 

1.013142 

0.765424 

0.  04: 

1. 0C0CE*0t 

4.2375E-C1 

1.013141 

C. 735426 

0. 05C 

1. 0CPCE*0t 

3.5673E-C1 

1.013139 

0.795429 

0. 0!  5 

1.0C0C£-*C6 

2.45(9E-C1 

1.01313S 

0.785432 

0.0(0 

1.0C01E«Ct 

2.9954F-C1 

l.C1213t 

C . 7 B 5 4 3 5 

0.0(5 

1 . OC  01 5*  Ct 

3.5295E-C1 

1.013134 

C.  73:435 

0.  OTO 

1.0C0lE*Cc 

l.SlC9r-Cl 

1.013133 

0.76544 1 

0.CT5 

1 .0C0lE*0£ 

2. 421 9E -Cl 

1.013131 

C . 7 F5444 

0.  oeo 

i.ocoic«ce 

2.43?3E-C! 

1.013130 

C. 7=5446 

0.  0£  5 

1. CCC1E*06 

3.3146E-C1 

1.013126 

0.785449 

o.oso 

1.0C0!S*Ct 

4 . 4 P*  9f -c2 

1.013127 

0.78*452 

0. 055 

1.0C01E-*Ct 

2.4f(OE-Ci 

1.013125 

“.765455 

0.  ICO 

1.0C01E-3t 

2.(540E-C1 

1.013124 

: . 7 F = 4 5 3 

0.  1C  5 

1. OC  0l£*3t 

1.79C1E-C1 

1.013122 

. 7 8 5 ‘*  ( 1 

0.110 

1.0C01E*C6 

1.7t(9E-C2 

1.01312C 

;.7?5-.t4 

0.  115 

1 .OC01E*0( 

2*  73:'’E-C1 

1.013119 

0.78:4(7 

0.  1£C 

1.  OC  01 E*06 

2.5122c-Cl 

1.013117 

0.73*4(9 

0.  1£  5 

1. OC  01 E-06 

3.2522E-ri 

1.013116 

0.765470 

0.1:0 

1.0CC1E-»C£ 

3 . 2 21  2E  -C  2 

1.013114 

•0.7  85475 

3.115 

1.0C01E*0£ 

2.4(1 9E-C1 

1.013113 

■0.75  *479 

0.  143 

1 . OC  01 E*Cfc 

2.35C:E-C: 

1.013111 

C. 795431 

0.145 

1 . OC  01 E*oe 

3 .’■'taE-Cl 

1 .0131C9 

*•  7 

0.  15  0 

1.0C0lE*0t 

4. 2C725-C2 

1.0131C8 

0.73545'’ 

0.  155 

1 . OC  01  E-»0t 

2.5122E-C1 

1.013106 

0.7*5490 

0.  1(0 

1.0C01E*0i 

1.0131CS 

•0.7  85  49  3 

0.  1(5 

1.0C0lE*3c 

1.49(5t-C1 

1.013103 

0.765495 

0.1/0 

1 . OC  01 E-Cc 

2. 74?5'-C2 

1.013102 

C«7i:f493 

0.  1/5 

1 . OCOl  E-*36 

2. F21 9E-r! 

1.015100 

0.7=5501 

0.  15  0 

1. 0C01E«C( 

2.5127E-C1 

1 .013C99 

0.785504 

0.  IE  5 

1. 0C0l£*;c 

3. 174?'  - Cl 

' 1.C13C97 

0 . 7 j 5 5 C 7 

0.  15G 

1.0C01£*0( 

2.47C3E-C2 

1.013C9( 

0.7  85610 

0.  195 

l.OCOlE^Ct 

2. 1®(1E -Cl 

1.013094 

0.7:5513 

0.  2C0 

1 . OC  01  E-»36 

2.5 19iE-Cl 

1 .013C93 

0 . 7 5 5 1 5. 

0.  iC  5 

1 . OC  01 E*Cc 

1.2651E-C1 

1.C13C91 

0.7=55:? 

0.210 

1.0C0lE*3t 

1.221 2F-C 2 

1.013035 

C . 7 = 5.  : 2 1 

0.215 

l.CC01E-*04 

2.443?E-C1 

1 .01  3068 

0.7:5524 

0. 22C 

1 . OC  o:  E-»3£ 

2.5:2ee-o: 

1 .013066 

C . 7 = 5 62  7 

0.  22  5 

l.OCOlE-0; 

3.1 351F-CI 

1 .01  306* 

0 . 7 r 5 5 3 0 

0.210 

1 . OC  OlE*  je 

3 . F 2" IF -C  2 

1.013033 

0.7=5533 

0.215 

1 . OC  01 E*3t 

2. 1C40E-C1 

1 . 0 1 3 0 S 2 

: . 7 y 5 5 3 6 

0.  240 

1.0C0l£*Cc 

2.54(CE-C1 

1 .013060 

0.7*5539 

0.2<5 

1 . OC  0!£-»C: 

1. 2FG1--C1 

1.01*075 

0.7=5541 

r.»  Cl  o 
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a.  25  0 

1.0C01s-»05 

3.2212f-02 

1.013C77 

C. 785544 

0.255 

1 . oc  Ql  £-*Ct 

2. 33C7E-CI 

1.013075 

C. 735547 

0.  2t0 

1.0c0lc*06 

2.5539C-C1 

1 .313C74 

0.785550 

0. 2t5 

l.OC01E*Ofc 

3.1  151E-C1 

1 .013C72 

0. 785553 

0.270 

l.OcOlE^Ct 

3.2?!2E-C2 

1.0i3c7i 

0.735556 

0.275 

l.OCQlE+Ce 

2.3159E-CI 

1.013069 

0.785559 

0.2EQ 

1 . OC  01 E*0o 

2.477'5E-01 

1.013066 

0.765562 

0.255 

1. 0C0lE-»Ct 

3.2443E-C1 

1 .013C66 

0.785564 

0.250 

1.0C02£'*06 

4.C5C5E-C2 

1 .013C65 

0.785567 

0.2S5 

1.0C02E-06 

2.3307E-C1 

1.013C63 

C.  735  570 

0. 3C0 

1. OC  025*Cc 

2.5565E-CI 

1.015C62 

C.  785573 

0. 3C5 

1.0C02E*Ct 

2.28C3E-C1 

1. 013060 

0.795576 

0.310 

1.0C02=-»C6 

3.5836E-C2 

1.013058 

0.765579 

0.315 

1.0C02E-06 

2.  3554E-C1 

1 .013C57 

0.785562 

0.  320 

1. 0C02E*06 

2.3722E-CI 

1.013055 

0.785565 

3.  32  5 

1. 0CO2£*C6 

3.2979E-CI 

1.013054 

0,785567 

0.330 

l.0C02E*G6 

2.92I2E-C2 

1.013052 

0.785590 

0.  335 

1.0C02E-*06 

2. 55e6E-c: 

1.013051 

0.795593 

0.  3*0 

1.0C02E'*06 

2.6017E-C1 

1 .013049 

0.755596 

0.3*5 

1. OCOEE* C6 

3.3521E-C1 

1 .013C47 

0.78559  9 

0.350 

1.0C0EE*0e 

3.5C53E-C2 

1.0130*6 

0.735602 

0.355 

1.0CC2E*0t 

2. 4914E-C1 

1 . 013C44 

C.  7 55605 

0.35  0 

l.0C02£*3t 

2.4569E-C1 

1 .013C43 

C.765&C3 

0.  355 

1.0CC2£*Cfc 

3.3521E-C: 

1.033041 

0.785610 

0.370 

1.0C02E*Ce 

2.5911E-C2 

1 .01 5C40 

0 . 7 5 5 0 1 3 

0.  375 

: . OC  02  E*ut 

2.594CE-C1 

1.013C3S 

C.755616 

0.  3E0 

1.0COEE*06 

2.2964E-C1 

1 .013C37 

C. 765019 

0.  355 

1.0CQ2£*0e 

3.4  072E-C1 

1.Q13C35 

0.795622 

3.  35  0 

1.0C02E*u5 

5.2967E-C2 

1.013034 

G. 7?5o25 

0. 355 

l.OCOs E*C6 

2.5711E-C1 

1.013C32 

C.  785623 

o.*co 

1 . 0C02E*C6 

2.8524E-C1 

1.013C31 

0.795631 

0.*C  5 

1. OC  OiE^ce 

3.5143E-C1 

1.013029 

0.795633 

0.*10 

1 . OC  02=*06 

3 . 4 979E -:2 

1.C13C27 

0.735636 

:.*i5 

1 . OC  02  E*  05 

2.’ie9E-Cl 

1 .01 3C26 

C. 785  039 

0.  *2  0 

1. 0C02E-05 

2.  * 55  9E-C1 

1.013Cc4 

C. 765640 

0.  *2  5 

l.OCCES-Ct 

3. !9c7£-C1 

1.01 3C 23 

0.765045 

0.*30 

1 . 0C02E*&5 

4. 5? F4E-C2 

1 . Cl 3C2  1 

0.7 ‘5  04  9 

0.*35 

l.0C32E*C6 

2. 4 Of OE -Cl 

1 .C13C2G 

:.  7 9 5 0 5 1 

0.  **C 

l.QC02E*C5 

2.56e6£-Cl 

1 .013016 

c. 755054 

0.**  5 

l.0C02E-*Ct 

3. 2645E-r  ! 

1. 01 3C16 

0.795650 

0.*50 

1.0C02E*C6 

2.  ? U8E-C2 

1.013C15 

0. 79  505  9 

0.45  5 

1 . OC  02  E*0t 

2.  3 5c 3E -Cl 

1.013014 

C.  785  062 

0.*50 

1. 0CQ2E*0c 

2. 5122E-C1 

1 . 0 1 ? C 1 2 

0.755663 

0.45  5 

1 . CC  02E*0t 

3.4952E-C1 

1 . 0 1 3 C 1 0 

0.7;  So  6 3 

0.470 

1 . OC  02  E*  05 

3.2212E-C2 

1.013C09 

C . 7 ? 5 0 7 1 

0. 47  5 

1 . CC  02  E*  C6 

2.33C75-C1 

1 .013C07 

■j  . 7 3 5 6 7 4 

0.450 

1.0C02£*Ce 

2.5012E-C1 

1 .013C06 

0.735077 

0.4£5 

1.  CC  02E*Ct 

3.24*55-01 

1.013CC4 

0.785679 

0.4<;C 

1.0C02E*05 

3.55ri5-C2 

1 .C13C03 

C , 7 5 5 6 9 2 

0.45  5 

1.0C02£*Ct 

2. 3 55  5= -Cl 

1.0130C1 

C . 7 5 5 6 6 5 

0.5C0 

1.0C02E*0t 

2.5  340:-r: 

1 .C13CC0 

0.785696 

- 78  - 
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Table  3.  Ic 


Outer  Loop  Bias  Control  of  a Time-Dependent  Boresight  Error,  With  a 
Servo  Stability  Factor  of  o = 4 , and  a = 20  msec  Update  Time 


T It-: 

E AnGE 

MI  5?  Clf^ANCs 

thc’-a 

I 

(«tC  • ) 

( Me  '^f  ) 

{ fETEc  5 ) 

( »A3.  ) 

( S *C  . ) 

3.0C5 

1.0tCCE-*06 

2.£957c-.|;5 

i.omss 

0.755400 

3.  310 

1.  OcOCS^Cc 

2.*699e*G3 

1.013153 

C. 755404 

0.315 

1 . Ot  0c5*Ct 

2.27c7e*C0 

1.0l3l5l 

C.  755<.c6 

3.  3cC 

1.3c0c£>»C6 

2*  793C5*c3 

1.013150 

0.755409 

3.325 

1 . OC  OC :*0t 

2.65e5E*-C3 

I.C13145 

C. 76541 5 

C.030 

1.0c0C=*36 

2.9^79t*C0 

1.C13145 

0.755416 

3.025 

1.0c0CE-*0f 

1.CGC0e*C3 

1.313143 

0.765422 

3.040 

1 . OC  OC  E^Oe 

1 .95£e£ -CO 

1.013141 

0.75*425 

0. 04  5 

1.  3C0CE-*Cf 

1 .•’21  2E*C0 

1 .0l3l4£ 

0.755423 

3.0*0 

1.0C3C£«3e 

2.e622e-C3 

1 .013139 

0.75*426 

3. 35  5 

1.0C0Cc«0t 

7.f 369E-C1 

1.01313B 

C.  755430 

3.3<0 

1.3C01£«0t 

1.4410E-C3 

1.013137 

0.785434 

3.0t5 

1.0C0l£*Cf 

1. c5l2£*CC 

1.013133 

0. 7654<,: 

3.07  0 

l.OCOlE^Cc 

2.1253E-C3 

1.013122 

0.755..41 

3.  075 

1.0C31£-0t 

6.2e94E-Cl 

1.013131 

C.  75544  5 

3.0EC 

1. OC  oie*3t 

1.12C5E*C3 

1.013125 

0.755447 

0.  0£5 

1.  OC  01 £*06 

l.C7e 1E-C3 

1.013129 

0.755448 

3.  CSO 

l.QC01E«Ce 

1.62542 -C3 

1.013127 

0.76*4*  2 

0.  0?5 

1. OC  3l£*C6 

4. 25C5E-C1 

1.013125 

0.755454 

3.  ICC 

1.0C01£-*0t 

e.l  07  2.E-Cl 

1.013124 

0.735457 

3.  IC5 

1 . CC  01 £*06 

7.2229E-C1 

1.013121 

0.785462 

0.110 

i.ocoic-ce 

1.2054E-C0 

1.013120 

;.  7 55464 

3.115 

l.OCOlE^Ot 

f.SOSCE-Cl 

1 . 0 1 3 1 1 S 

0.755467 

3<  Ic  0 

1.0CCl£-Ct 

6.62962-31 

1.013117 

0.735470 

C.  125 

1.0C0l£*Ci 

6.2374E-C1 

1.013116 

0.785471 

0.120 

1.3CClE«3t 

9 .1  ■’56E-C1 

1. 0131 14 

0.735475 

3.  125 

1 . OC  01 i-Zt 

2.7C97E-C: 

1.013113 

0.785478 

0.  140 

1 . OCOl  £*.3fc 

4.?42SE-C1 

1.013111 

C.7S5<.ei 

0.  U5 

1.3C0lE*3e 

<..2976C-C1 

1.013109 

0.765464 

0.  If  0 

1.0C31E*06 

6. 1 242E-C1 

1.013108 

0.785467 

3.  1*5 

1.0C0l£*3t 

2. 6 1921 -Cl 

1.013106 

0.755450 

3.  If  C 

1.3C31£*C6 

2.e9C4E-c: 

1.013105 

0.7  5549  3 

3.  It5 

1 . OC  31  £-*C6 

4.2746E-C1 

1.013103 

0.7=5495 

3.  170 

1.0C3l£-»Cf 

4."4Cf)=-r.  i 

l.Cl3l0e 

0.75*493 

3.  175 

I.CCOIE-Ct 

1.64r6r-ri 

1.0131C0 

C.7658C1 

3.  If  0 

l.OCOlE^Oe 

2. 2 ■’9  1' -Cl 

1.013C59 

C . 7 6 5 5 0 4. 

0.  16  5 

1 . 3C  01 £.  Ct 

2.6’r5c-Cl 

1.013:57 

0.735507 

3.  l-jO 

1.  :c3lE«2t 

E.c'.-SE-Cl 

1 . C 1 3 0 5 1 

C . •>  ? 5 5 1 

0.  IS  5 

1 . OC  31 E-*  :t 

e.r -EEE-Cl 

1 .01IC5<. 

: . 7 = 5 i 1 0 

3.  cCG 

1 . OC  3lE«Ce 

2. f^Elt -Cl 

:.G12C92 

0.735516 

3.2CS 

1 . OC  Cl E*Ct 

2.? :t9E-Cl 

1.C15C9: 

C. 75£  51  5 

3.210 

1.0C31E-3t 

;.4TEi.E-Cl 

1 .0130 85 

0.73:521 

3.215 

l.OCOlE^C'c 

1. 54r95-ci 

1 .01  3056 

0.73=524 

3. 22  0 

1.  CCOli^Ct 

1 . « 35  7c  -r  1 

1.012CS6 

0.755527 

3.225 

1.  :c  31 £♦  Jfc 

2.?‘’77E-C  J 

1.C13C34 

0 . 7 r r £ 3 0 

3.  223 

l.CC31E*3t 

1 . 7Pe<.E-c  1 

1 . Cl  3053 

: . 7 : 5 3 2 

3. 22  5 

1.3C31E*:t 

I.TCCIE-Cl 

1.01 3:S2 

:.  7 55  5:«6 

3.240 

1.3C31E«Ce 

2 . 1 1 1 5 5 - C 1 

1 . 013 C 30 

0.7-5539 

3.245 

1 . 0 C 3 1 E ♦ 0 1 

2.7929*  -31 

1 . Cl3C7o 

0.735541 

- 79  - 


Table  Ic 

(Continued) 
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0. 2:0 

1 .0C0lE*06 

1 . 5 3l 1 E -Cl 

1.013077 

0.78*544 

a.  2*  5 

I.OC01E'*06 

1.4427E-C1 

1.017075 

0.7(5547 

0.2(0 

l.CC01£«06 

1.64595-01 

1 .013C74 

0.7(5550 

3.2(5 

l.QC0lE*0fc 

2.2125E-CI 

1.013072 

0.795553 

0.  2/C 

1.  OCOlE^Ot 

1.3666E-C1 

1.013071 

0.735556 

C.  2/5 

l.OCOlE-'Ot 

1.57C3E-GI 

1 .013069 

0.795559 

0.  2(0 

1 . OC  01E*06 

1.(0375-01 

1.013068 

0.7(5562 

0.2(5 

I.OC01E-*06 

2.45445-Cl 

1.013066 

0.7(5564 

0.250 

1.0C02E«06 

1.71(95-01 

1.013C65 

0.785567 

0.  255 

1.0C02E*0( 

1.(977E-C1 

1.013C62 

0.795570 

3,3C0 

1. 0C02c«0t 

1. (*525-01 

1.017C62 

0.735573 

0.3C5 

1.0C02E*0( 

2.56745-01 

1 .013060 

0.7(5576 

0.310 

1.0C02£«0t 

1.23775-01 

1.013053 

3. 7 955?=J 

0.  315 

1 .0CO2S«O6 

1.61(15-01 

1.013057 

C.7»5552 

0.320 

1.0C02E*06 

1. 63505-01 

1.013C55 

0.7(5585 

0.325 

1.0C02E'*06 

2.5C49E-C1 

1.C13C54 

C. 7 = 5507 

0.320 

1.0C02E*C( 

1 .C  2765  -C1 

1.013052 

0.7(5590 

0.33  5 

1.0C02E'*06 

1.77125-01 

1.013051 

0.7(5553 

0.  3<0 

1.0C02£*06 

1.76265-01 

1 .013045 

0. 795596 

0.3i5 

1 .0C02E*06 

2.73(35-01 

1.013047 

0.785559 

0.  350 

1 . 0C02E-*06 

1.02465-01 

1.013046 

0.  785602 

0.  355 

1 . CC  02  £•♦  06 

1.6927E-C1 

1 .01  3044 

C.  7P56C5 

0.3(0 

1.0C02E*C( 

1.50575-01 

: .Cl  3043 

0.7(560  3 

0.3(5 

1 . OC  02E*Ct 

2. 55715-01 

1.013041 

0 . 7 6 5 0 1 0 

0.3/0 

1 . OC  02E-»G6 

1.70965-01 

1.013C<.0 

0.7(5613 

0.  735 

1.0C02E-*G6 

1.4S645-C1 

1.013036 

0.735616 

0.  3(0 

1.0C02E«0e 

1.54(35-01 

1.013037 

0.785619 

0.  3(5 

1 . 0C02E*06 

2.254(5-01 

1.013035 

C. 79S022 

0.350 

1.  OC  02£«0( 

7.7'’C7E-02 

1.013034 

0.755625 

3.  75  5 

1.  OC  02  E*Ot 

1.7C07E-C1 

1.013032 

C. 7(5628 

O.^CO 

1.  OC  02E*06 

1.(0535-01 

1 .01 3C31 

0.7(5631 

0.4C5 

1 . 0C02E«Ce 

2.(9055-01 

1.013C29 

0.7(5633 

3.410 

1.0C02E-*06 

1. 05115-01 

1.013027 

0.7  35636  ' 

0.415 

1 . CC  02  £-*  06 

1.542(5-01 

1 .01  3026 

0.785639 

0.420 

1 . OC  02  E*  06 

1.72555-01 

1.013024 

0.7  55642 

0.425 

1.0C02E-*Ce 

2.42445-01 

1.013023 

0.755543 

0.420 

1 . OC  02  E-»  3t 

1 .0597E-C1 

1.013C21 

0.7(5648 

3. 42  5 

1 . OC  02  S'*  Oc 

1.59925-Cl 

1.013020 

0.7(5651 

0.  44  c 

1.0C02E«C6 

1 .599  2E-C1 

1 .013C1S 

0,7(5654 

0. 44S 

1 .0C02£*0e 

2.73C7E-C1 

1.013016 

0 . 7 S 5 0 5 6 

0.450 

1.0C02E.06 

9.40755-02 

1.01301: 

C.  7 3565  9 

0.45  5 

l.OCOeE^Ot 

1.7255E-C1 

1.013C13 

0.75(662 

0.4(0 

l.OCOcE^Oe 

1.74(75-01 

1. 01 3012 

:.  7(5  66  5 

0.4(5 

1 . G-C  02  £«  06 

2.42695-01 

1 .G1301C 

0.7?S6t6 

0.470 

1 . 3C  02  E*  06 

7.(5155-02 

1.013009 

7 (567  1 

0.  4*  5 

1 . OC  Oei*Lit 

1.49465-01 

1 .017007 

0.785674 

0.4(0 

1.0C025«06 

1 . 6 :7  35-0  1 

1 .013006 

0.735677 

0.4(5 

1 . OC  02E*  Oc 

2.58645-01 

1.013004 

0.7  ;5o79 

3.450 

1.0C02E*06 

9.(2025-02 

1 . 01  3003 

0.7(56(2 

3. 45  5 

1.  OC  C2i-*Ct 

1.69275-01 

1.013001 

0.7(5683 

O.Sro 

1 . OC  02  c*  Oc 

1.77155-01 

1.013COO 

0.785693 

Table  3.  Id 


CXiter  Loop  Bias  Control  of  a Time -Dependent  Boresight  Error,  With  a 
Servo  Stability  Factor  of  a = 3 , and  a = 20  msec  Update  Time 


c akge 

‘II'SS  CI'T-sNcE 

TMET* 

94I 

) 

( M£  ’•5QC  ) 

( f^E^CPS  ) 

( 9*0. ) 

(C4C.) 

0.0C5 

1.0C0C£*Q6 

2. ee56£*c2 

1.313155 

C.7554C0 

0.  OlO 

1.0c0cE*Ce 

3*  5ts9c*c3 

1.013153 

C.7954C4 

3.015 

1 . OC  OC  5*06 

2. ?7c73*03 

1.013151 

C*  7354C6 

3.  OZO 

1.  ococ£«a( 

2.7'>';0e*03 

1.0131SC 

0.785^09 

0.CZ5 

1, 3C0CE-C6 

2* (5e6f *C3 

1 .013143 

C. 78 £4:0 

0.  31  0 

1.  3CQCE-*Ct 

fc. 1 2S2£*C3 

1.013144 

C. 75:430 

3.035 

l.OCOCE*Ot 

2. 1 S22E*CQ 

1.01314: 

C. 7 55  4^4 

0.  040 

1.0C0CE«36 

3.4SD5E*C3 

1 .C131..C 

0.755425 

3.04  5 

1.0CQC£*2£ 

3. 1 5ME*C3 

1.013144 

C. 795419 

0.  C'C 

1. 3C0Cc«0t 

7.76e8£*C3 

1 .013140 

c. 7554:6 

3.055 

1.0C3CE*0e 

2.ei21(.*C3 

1.013140 

c. 7854:7 

O.OfO 

1. 3C01E*0t 

4.3947E*Ca 

1.013138 

C. 735431 

0.  0(5 

1 .OCOlc-Ot 

3. S7Z7=*C3 

1.013129 

G.  735447 

0.  o:  c 

1. OC  01 £*at 

S.«t?2£-C3 

1.013131 

0. 7 55444 

0.0*  5 

1.  OC  Olf  Ot 

3.S922E*C0 

1.013128 

0.765445 

3.0(0 

1.  OC  3l£-*0t 

5. 6414? -CO 

1.013127 

0.725451 

0.  0(5 

1.0C01E-C6 

5.1 172£*C0 

1.013134 

c. 795437 

0.  050 

1 . OC  01 E*Cc 

1.25(45*01 

1.013129 

0. 755443 

3. OSS 

1.0C3lE-»0c 

4,5693£-C0 

1.013129 

C. 795446 

0.  ICO 

1.0C31E-»C( 

7 . 1 653e  *C  3 

1.013127 

C.  7 95<.£1 

3.  IC; 

1 . OC  01  E-*0c 

6.46135*03 

1.013114 

C.  795  476 

0.  no 

1.0C0l£*0( 

1.63445-C! 

1.013117 

0.7854(5 

0.115 

1.0C0l£*0t 

5. (ft79c*:0 

i.omifc 

0.765475 

0.  120 

l.0C01E-:£ 

S. ISlcF-CO 

1.013U3 

:.75547S 

0.12  5 

1.3C01£*0e 

8.33425*00 

1.013126 

. 7 9 5 4 £ 3 

0.  120 

l,0C0l£*Ot 

2.C531E*C1 

1.013115 

7 554(3 

3.  12  5 

1.0C01£«0t 

7.45(55*03 

1.013119 

0.7954(6 

3.  140 

i.ocoi£*:t 

1. 16535 -Cl 

1.013117 

0.7  95  47  0 

3.  145 

1.0C015*06 

l.CS-EE-Cl 

1.013C96 

0. 7555C9 

3.  15  0 

1.0C01E*0£ 

2.61345*01 

1.013103 

7 55496 

0.  155 

1.0C31E*0t 

S. 55215*00 

1.013093 

0.735505 

3.1(0 

1.0CCl£-*C( 

1 . 4943£*C  1 

1.013C9S 

0. 7555;s 

3.1(5 

1.3C3lE«Ct 

1. 35195*01 

1.013120 

. 7 9 5 4 6 4 

3.  17C 

1.  OC  01  £-*06 

3. 7 3?  95*C  1 

1.013108 

0.735486 

3.  135 

1.0C3lE*:t 

1.2l54e*Cl 

1.013110 

0.76=452 

0.1(0 

1. OC  01 E*Cfc 

1.902(E*C1 

1. 013106 

0.765h67 

3.  1(5 

l.OCOlE-06 

1 .7?c:e*c: 

1.013076 

. 7 £ 5 5 4 7 

3.  ISO 

l.OCOlE-06 

4. 2553£*C1 

1.013067 

0. 7 ’£5:f 

3 . 1 5 5 

i.occiE-ce 

1 .53355*C  1 

1.013031 

0.735537 

3.2C0 

1 . OC  01  E«  :t 

2.47145*01 

1 .013C61 

: . 7 9 5 5 Z 7 

3. 2C5 

l.OCOlc^Oi 

2.201 35*01 

1.013115 

: . 7 9 5 4 ( 7 

3.210 

l.0C0l£«Ct 

£.43275*01 

1 . 0 1 3 1 C 0 

0.795502 

0.215 

1 . OC  31  £♦  06 

l.S77l£*Cl 

1.0131CS 

7 9 £ 4 9 2 

0.  220 

l.OCOlE-06 

2. C 951 £-01 

1 .013101 

2.795499 

3.225 

1.3C3l£*0i 

2.7959=-C1 

1.013:50 

0.735:95 

3.  220 

1. OC  01 £*06 

s.9  27  9.-»01 

1 .013070 

0.725553 

3.23  5 

1.0C01E*36 

2.5275£*C1 

1 .013C60 

0, 795576 

3. 240 

1.0C0lE*3t 

3.95555*01 

1.013051 

C . 7 55  574 

3.  24  5 

1. 3C01£*:t 

3.5902£*C1 

1.013123 

0.7554:3 

Table  Id  (Continued) 
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0. 250 

l.0C0lE*0t 

e.e475E*ci 

1.013094 

0.785512 

0.2«5 

1.0C31E«06 

3.?242E*-C1 

1.013103 

0.785496 

3.2t0 

1.0C01£*06 

5.C492E-C1 

1.013093 

C. 785505 

3, 2«5 

1.0C01E406 

4.5635E-C1 

l.0l3Clb 

0.765659 

3.  27  C 

1.  oc  oi£-*oe 

1.1267E-C2 

1.013049 

0.765596 

0.275 

l.QCOlE-^Ct 

4. 1 165E-C1 

1.013034 

0.765624 

Q.2«0 

l.0C0lE-*0t 

6.44t5E*Cl 

1.013037 

0.735619 

0.2C5 

1.QC01E*06 

5. e?54E*Cl 

1.013138 

C. 755423 

0.  2SQ 

l.0C02i*06 

1 .4410E-C3 

1.013C92 

0. 765515 

3.255 

1.0C02£*06 

5.2459F*C1 

1.013107 

0.755486 

Q.3C0 

:.OC02E«36 

e.2237E*Cl 

1.0131QC 

0.735503 

3. 1C5 

l.0Cri2E*06 

7.4346E*C1 

1.012968 

0.765749 

0.  ?10 

1. 0C02E*06 

1.9398E-C2 

1.013023 

0.735645 

0.315 

1 . OC  02E-*06 

6.7055E*Cl 

1.013CC0 

0.785689 

3. 3c3 

1 . 3C  02E-06 

1.C455E-C2 

1.013006 

0.795678 

0. 325 

1.0C02E'*C6 

9.49f9E*Cl 

1.013171 

0.765366 

0.  330 

1.0C02E406 

2.34e9E*02 

1.013097 

0.735506 

0.  335 

1. 0CO2E*C6 

e.55C5E*Cl 

1.013123 

0.765457 

0. 340 

l.OCOcE^Oe 

1. 3352E*C2 

1.013112 

0.785477 

0. 345 

l.0C02E-*36 

1. 21C9E*C2 

1.012896 

0.785882 

0.  35  0 

l.OCOES-'OE 

2.9941E-C2 

1.012989 

C. 795710 

0.  3‘5 

l.0C02£«Ce 

1. C91SE*C2 

1.012952 

0.785779 

0.  360 

1.0C02E-*06 

1.7054E-C2 

1.012962 

0.785760 

3.365 

l.0C02E-*06 

1.5458E-C2 

1.013232 

0.795249 

0.370 

l.0C02£-*06 

3.e215E-C2 

1.013113 

0.785476 

3.375 

1.0C02E*Ct 

1 .3925E‘C2 

1.013156 

0.785394 

3.360 

1.0C02E-*06 

2.1»10E«'02 

1.013140 

C.7S5425 

0.  365 

l.CC02£*06 

1.9719E*C2 

1.012791 

0.736032 

3.  350 

1.0C02E*06 

4.  e760E*-02 

1.012941 

0.785301 

0.355 

1. 0CO2E*C6 

1.7778E*C2 

1.012882 

0.73591 1 

0.  4C  0 

1 . OC  02  E*C6 

2.7833E*C2 

1.012899 

0.785879 

3.4C5 

l,0C02£-*06 

2. 51 75E*G2 

1 .013340 

0.785345 

0.410 

1.0C02E*Cc 

6.2  23SP-02 

1.013146 

0.765412 

3.415 

1.  0CO2E-*C6 

2.2678E-C2 

1.013217 

0.785277 

0.420 

1.QCQ2E-*06 

3. 5521E-02 

1.01319c 

0.785325 

0.425 

1 . OC  02  E^06 

3.21166*02 

1 .012626 

C. 786395 

3.  430 

1. OC  02E*  36 

7.94llc*C2 

1.012870 

0.755934 

0.435 

1.0C02E-06 

2.e950E*C2 

1.012775 

0.786113 

0.440 

1 . OC  32E-06 

4.5335E*C? 

1 .012804 

0. 786059 

3.  44  5 

1.  OC  02E'*G6 

4.09945*02 

1.013522 

C. 794699 

0.450 

1.0C02E*C6 

1.C':36E‘C3 

1.033208 

0.785294 

C.455 

l.OC02£-*06 

3.6935E*C2 

1.013325 

0.735072 

3. 46  0 

1.0C02E*C6 

5.7e4i5E*C? 

1.013265 

0.755149 

3.465 

l.0C02E*36 

5.23ceE*C2 

1 .012364 

0.766389 

0.470 

1. 0Ca2E«C6 

1. 29326*03 

1.012762 

0.756137 

0.475 

1 . OC  02E*C6 

4.71456*02 

1.012609 

0.7  964c  6 

0.46C 

1 . OC  02  E*  06 

7. 3?24E*C? 

1.012656 

C.  7 “6  33  5 

0.465 

l.0C02£*06 

6.67596*02 

1.013328 

0.794120 

0.450 

1.  OC  02£*C6 

1 .6507r*n7 

1.013317 

0.79508a 

0.455 

1.0C02E*:* 

6.01426*02 

1.013509 

0.784725 

0.5CC 

1.0C02E*o6 

9.42066*02 

1.013443 

0.794343 

rj  D r»  c*)  o o rj  o o o f->  o o o o o o o o o o o o o o rj  o o o n n n f.>  r»  Cl  r»  r-»  n 


Table  3.2a 


Outer  Loop  Bias  Control  of  a Fixed  Boresight  Error,  With  a 
Servo  Stability  Factor  of  a = 8 , and  a Tp  =20  msec  Update 
Time 


T I^£ 

CANGE 

Mil'  oistamce 

TMETA 

^ ^ I 

('EC.  ) 

( ME  TCpc  ) 

(ME^EP') 

(9A2. ) 

( c 43  . ) 

3.  OC  5 

1. OC  0CE*36 

6. 544  55*02 

1.013155 

C . 7 5 5 4 3 3 

0.010 

1.0C0C5«C6 

6.5091E*C: 

1.013153 

3.765404 

3.015 

1. OC  3C5*C6 

6.52335*01 

1.013151 

3.765436 

O.OiO 

1. 3C3CE*3t 

6.51775*01 

1.01315C 

3.735409 

0.  OeS 

1.3C0CE*0t 

6.51875*01 

1.013393 

0.785358 

0.  010 

1.  GC  0C£*C.- 

1.17»9r*oi 

1.013113 

;. 765384 

0.  335 

1 . 3C  OCE^Ot 

2.27155*01 

1.013102 

0.735379 

0.  Q4G 

1 . OC  0Cc*0t 

1.1 545E*C1 

1.013104 

0.785384 

0. 34  5 

l.0C0CE«0t 

1 . 4 4 5 1 E * C 1 

1.013391 

C.7S5377 

3.  0*0 

1. 0CCCE*3t 

3.5  737E-C1 

1.013394 

0.  735364 

3.055 

1.0C0CE*3t 

£.4042E*00 

1.013091 

0. 785386 

0.  Of  c 

:.0C01E-*0c 

4.  £5';2E*C0 

1 .013090 

0.785389 

0. 3<  5 

1.0C0l£-Cfc 

4.9590E*CC 

1.013055 

3.765365 

0. 070 

1.  CC01E-*C6 

4.47C9E-C1 

1 .013035 

0.755393 

3.  075 

1.0C31E*C<- 

1.94=25*30 

1.013CS3 

0.785395 

3.  oeo 

l.OCOlE’Ct 

1.19C6E*C0 

1.013381 

3.785390 

3.055 

1.0C01E-*3e 

1.371OF..C0 

1.C13C79 

3. 7554C0 

0.  0?0 

1.  OC  01  E-»C6 

5.29e7r-c2 

1.013078 

0.  750403 

0.0S5 

l.CC01E*:t 

5.66C25-C1 

1.013076 

3.785436 

3.  ICO 

I.OCOIE-CE 

3.7 172"-Cl 

1.013075 

0. 785-39 

0.  1C5 

I.OCQIE-'jE 

4.17735-31 

1.013073 

0.785412 

0.  no 

l.OCOlE-'Ot 

4.941 IE-C2 

1.013071 

3.765415 

3.115 

1.0C31E*3t 

1.67C1E-C1 

1.01337C 

C. 7 6541 5 

3 . 1 e 3 

1.0C0lE*3e 

1. 1 522E-C1 

1.013068 

3.785421 

0.  n5 

1. OC  31 E-3t 

1.1'^71E-C1 

1 .013067 

C.  735423 

0.130 

1.3C01E-34 

3.221 2E-C2 

1.013065 

3.755426 

0.  115 

1. OCOIE-Ct 

4.6219E-C2 

1.013064 

0.765429 

0.140 

1 . OC  01 E-Ot 

5.CG245-C2 

1 . 0 1 3 C 0 2 

0.785432 

3.  145 

1 . OC  01 E*3£ 

4.81595-32 

1 P < T n A 9 

0.785425 

C.  150 

1.0C31E-C6 

7.40545-32 

1.013059 

0.765423 

0.  15  5 

1.  OC  01 E*C6 

2 . 8 1 5 25 -C  2 

1.013353 

3.755441 

3.150 

1 . OC  01  E-*  J£ 

2.470  = 5 -C2 

1.013056 

0.785444 

0.  155 

1. OC  31 E*C£ 

3.6644= -C2 

1.013055 

0.735447 

3.  17C 

1.0C0!E*3t 

3. 95765 -22 

1 .013353 

0. 7*  54  = 0 

3.175 

l.OCOlE’Cc 

3.221 ?=-r2 

1 .013352 

u . 7 ■:  5 4 5 3 

0.  150 

1.0C01E«0£ 

3. 82*35-0? 

1.013050 

0.785-55 

3.15  5 

1.0C0l£«3e 

2 . 9 2 7 2 5 - C ? 

1 .0130u9 

0 . 7 8 5 4 5 9 

0.  no 

1 . OC  01 E»Gt 

2.92:25-3 2 

1.013047 

. 7 8 5 - 6 1 

3.  155 

1. OC  01 E«  3t 

3.4  97  95-0  2 

1.0133-6 

0.7654S4 

3. 2C3 

l.:C?lE«0e 

1.9;-7r-C7 

1.013344 

0.755-67 

3.  2C5 

1 . OC  OlE-Oc 

1.91175-02 

1.01 3043 

0.75547: 

3.21C 

i.OCOlE«OE 

2 .8 1635-32 

1 . 0 1 3041 

: . 7 - 7 2 

3.215 

1. OC  31E*Ct 

3.6*44E-02 

1.013343 

'’.7  8 54  7- 

3.223 

1.0C31=*0£ 

2.8:635-3? 

1.01 3C  36 

0.7:5479 

3.  22  5 

I.OCCIE-OA 

7.2?1?=-C2 

1.313037 

7 8 5 4 £ 2 

3.  230 

1.3C01E-:t 

4.55545-32 

1.013335 

0 . 7 •;  0 4 8 5 

3.235 

i.3C01E*3‘. 

4.55545-0 2 

1.013034 

: . 7 : 5 4 £ S 

3.243 

1 . OC  3l E«3t 

4.48795-02 

1. 01 3032 

: . 7 T 5 4 9 1 

3.245 

1 . OC  31 E-36 

3.40=45-02 

1 .013031 

0. 755494 
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■D.aso 

1 . OC  31 5*06 

3.5  3riG-C2 

1.013029 

0.785497 

0.2*5 

1.  OC  0l E«0t 

2.9212C-C2 

1.01302S 

C.  7 35500 

0.260 

1 .0C31c-»36 

3.493<9E-C2 

1.013026 

C. 755502 

0.265 

1 .0C3l£*06 

4. 5554E-C2 

1.013025 

0.735505 

3.270 

1.  OC  01E*36 

3.55C1E-02 

1.01IC23 

0.78-506 

3.275 

1 .0C01  = *Q6 

3.2212E-C? 

1.013G22 

0 . 7 £ 5 5 1 1 

0 . 2 E 0 

1. 3CCiE*06 

3.  ?U6t-C2 

1 .013C20 

3.755514 

0.2E5 

1.0C31E-*C6 

2. 14I9E-C2 

1.013319 

3.765517 

3. 2SC 

1 . 0C02E*0e 

3.5IC1E-C2 

1.013017 

3 . 7 5 : 5 2 : 

3.2S5 

1.0C02E*06 

3.9‘536E-C2 

1.011016 

0.725523 

0.  ICC 

l.OC  325-*Ct 

3.2212S-C2 

1.013014 

0.755526 

0.  ICS 

1.  OC  02E-*Q6 

3.221  2E-02 

1.01IC13 

0. 7?*529 

3.110 

1.  OC  OeE-^OE 

3.4939c-C2 

1.013C11 

0.73*532 

3.115 

1 .0C02c*06 

3.2212E-C2 

1.013010 

0.7=5535 

0.  320 

1 . OC  02  E-'Oe 

2.9232E-C2 

1 .31300S 

3.7*5533 

0. 32  5 

l.OCO£E*06 

3.9063E-C2 

1.013007 

3.76=541 

3. 33C 

1 . 0C02E-C6 

I.4054E-C2 

1.013005 

C.  7 =554  3 

3.325 

1 . OC  02E-*06 

3.6644E-C2 

1.013004 

0.7=5546 

3.  340 

1.0C02E-»C6 

3.2212E-C2 

1.013002 

0.765549 

3.  145 

1.0C02E«0e 

3. 6644E-C? 

1.013001 

3.73*552 

C.  350 

1 . OC  02  E*  06 

2.9232E-C2 

1 .012999 

0.735555 

0.3*5 

1.0C02E*06 

2.205  7e “C  2 

1.01299E 

0.7555=3 

3.  360 

1 . OC  02  E«  36 

3.6644E-C2 

1 .01  2996 

C. 7 6556  1 

3.  16  5 

1.  OC  32£*06 

2.591 1E-C2 

1.012995 

0.735564 

3.370 

1.0C02E-*06 

3.4  939c-C2 

1.012993 

0.735567 

0.375 

1.0C02E^06 

3.2212E-C2 

1.012992 

0.735570 

3.  16  3 

1 .0C02E-*06 

1 . 7469* -C? 

1.012990 

3.735573 

0.  3E5 

1.0C02£-»C6 

2. 5 91 1F-C2 

1 .0  12969 

0.735576 

3.  3S0 

I.OCOJE^Ce 

2.92I2E-C2 

1.012927 

0.735579 

3.155 

1. 3CC2E*C6 

3, 2::2E-C2 

1.012966 

0.73556? 

0.4C0 

1 . OC  Of  2*06 

3.22l2*-C2 

1.012934 

0.735534 

3. 4C  5 

1. 0C3iE«06 

2.3433E-C2 

1.012963 

0.755537 

0.410 

1 . 3C  32  £♦  Cc 

3. 1 146E-C2 

1.012921 

0.73559' 

3.415 

l.OCOfE+Ot 

3.2212E-C2 

1.012930 

0.735593 

3. 4Z  0 

1 . OC  325*36 

2.  eit6*-C2 

1.012976 

0.7:5596 

3.425 

1.  OCOEE*  36 

3.2212E-C2 

1.012977 

0.7:5599 

C.  41  G 

1. OC  02E*36 

3.  4C54E-C2 

1.012975 

0.735602 

3.415 

l.OC02E*0t 

2 . * 2 6 35  -C2 

1.012974 

0 . 7 3 * 6 ■;  5 

3.440 

1 . OC  32  E*  :c 

3.43545-C2 

1.012972 

3.7=5:05 

3.445 

1 . OC  02  E * 3t 

2.34155-32 

1.012971 

3.78  5C1  1 

3.4:3 

1.0C02E*06 

2.  34?5f -C?. 

1.012969 

3.73=614 

3.45: 

1.  0C02£*36 

4.2072E-C2 

1 . 0 1 2 9 6 S 

3.7=5:17 

3.460 

1.3C02E*36 

I.2212E-C2 

1.012966 

C.  7=>562  0 

3.465 

1.0CC2E*;6 

1.91?7f-c2 

1.012965 

3 . 7 3 r 6 2 3 

M . 4 / 0 

1. OC  02E*36 

1 .9  137E-C  2 

1 .012963 

3.765625 

3.47  5 

1.0C02E*06 

4.C5955-C2 

1.012962 

C.  7 = 6 62  3 

3. 46  0 

1.0C025*06 

3.55C1E-C2 

1 .0  1 2960 

:. 7 3 5 6 3 1 

3.4*5 

1.  3C02E*0o 

2.  143  35-32 

1 .01  2959 

•0.  7 : 5 6 34 

3.4«0 

1.3C32E*:6 

I.53C1- -C2 

1.012957 

: . 7 -5  62 

3.  4?  5 

1 . OC02E*06 

2.22125-32 

1.012956 

■.7:5640 

3.  5C0 

1.0C32E*36 

2 . 5 ; 1 1 5 - C 2 

1.31295* 

7 . 7 = 5 6 4 
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Table  3.2b 


Outer  Loop  Bias 

Control  of  a Fixed  Boresight  Error, 

With  a 

Servo  Stability  Factor  of  o = 6 , and  a 
Time 

T.  = 20  msec 

P 

Update 

T If-E 

K A^G5 

MIS5  riSTANCE 

Tmet  a 

(' :C  . ) 

( IE  TPRS  ) 

(f'E'^EKS) 

(BAD. ) 

( 9 AO  . ) 

C.  3C5 

i.ccocE-oe 

2.66516*02 

1.013155 

0. 7954C0 

0.010 

1.3C0CE-C6 

6.50916*01 

1.013153 

0.755404 

0.01  5 

l.QCOr j.Oe 

6.52116*01 

I.G12151 

C.7654C6 

0.020 

1 . OC  0CE*C6 

6.51776*01 

1.01315C 

0.735409 

0. 025 

1. ocncE*ct 

6.51676*01 

1.012C7C 

C . 7 f £ 3 4 3 

0.310 

l.3CCCE«0t 

1.76Z35*C1 

1.013132 

C. 735374 

0.  025 

l.OCOOE+36 

6.5672E*C0 

i.oiioes 

C . 7 3 5 3 6 6 

0.  OiC 

1 . OC  OCE-Ot 

6.?-»92E*C0 

1.013091 

C. 755372 

0. 04  5 

1.0C0CE«Ct 

2.4?€1E*C0 

1.013096 

•1.755361 

O.O'O 

1.  OCOCE-^Cd 

6.956lF*C0 

1.013091 

C. 7 553e: 

0.055 

1.0C0CE*36 

2. 325CE*C0 

1 .013091 

0.735335 

0. 0«  0 

1.0C01E-*06 

2.9748E-C0 

1 .013059 

C. 755335 

0. 0E5 

1.0C01E*Ct 

2.47646-00 

1.013063 

0.755366 

0. 010 

1.0C0l=*C6 

2.6  11  3c *00 

1.013063 

0.785391 

0.075 

1 . OC  01E*36 

1. 17-lE-Ol 

1.013051 

C. 755393 

0.060 

1.3C01E-*C6 

9.C<.c9E-C  1 

1.013080 

:. 75  5 39  7 

0.  06  5 

1.0C01E*3t 

5.45SCE-CI 

1.013079 

C.7554C0 

0.  0?  0 

1.  3C01E*0t 

6.7618E-C1 

1.013C77 

0.755403 

0.  OSS 

1.3C01E«3t 

l.C’lCO-Ol 

l.Cl3C7fc 

j. 735406 

0.  ICC 

1.0C01E«C6 

2. 9 59 =E -Cl 

1.013074 

.•75  5- 

0.  1C5 

1 . OC  01 E*C6 

2.40545-01 

1.013073 

0.755411 

3.110 

1.  QCOl E*C6 

2.23115-01 

1. 013171 

0.735415 

0.115 

l.OCOlEOc 

2.57! IE -02 

1.01 3070 

•1.7  5541  7 

0.  120 

l.OCOlE-'Cd 

7.69466-01 

1 .C13C63 

C.  7r5420 

0.125 

1 . OC  0l E*Cfc 

7.07456-02 

1.013067 

C.7'<54Z3 

0.  110 

1.0C01E*0e 

7. 41 :tE-C2 

1.013C6S 

C. 7*5426 

0.  115 

1.3C01E*Ct 

4.05956-02 

1.013C64 

0.735429 

0.140 

1.CC01E«06 

2.11466-01 

l.ClECoE 

755422 

0.  145 

1.0C0!E*:t 

4. 0593E-02 

1 . C 1 3 C 6 1 

0.755425 

0.  15  0 

1.  OC  OlE-^OE 

3.5i01t-02 

1 .013059 

755438 

0.  155 

1 . OC  0lE*Ct 

2.66446-02 

1.013056 

C. 7>544  1 

0 . 1 6 C 

1.  OC  01 E*Ct 

?.007fcp--.? 

1.013056 

: . 7 5 4 4 4 

0.  16  5 

1 . OC  01 E*C6 

4.45796-02 

1.013055 

<■.  7:  5447 

0.17  0 

1 . OC  oiE-ce 

2.221 26-02 

1.C13C53 

7:5450 

0.  175 

1.3C01E*36 

2.2212F-C2 

1.C13052 

:.7:54£3 

3.160 

1 . 3C  01  E*  36 

2.47055-6,2 

1.013C5C 

1.7:8456 

0.  1€  5 

l.3C01E«Od 

2.70*16 -Cl 

1.013049 

: . 7 5 <•  5 9 

3.  i<;o 

1.  OC  01  E-*  2t 

3. 6 3f  <.6-3  2 

1 .01 3047 

1.755-61 

0.  1S5 

1. 3C  01 E*C6 

2.5tC.lE-0? 

1.013046 

: . 7 : r 4 6 4 

0.2CC 

1.3C0l£»0d 

2.  241=?-:H 

1.013C44 

1 . 7 5 : 4 c 7 

0. 2C  5 

I.OCOIE-Ot 

2.  =911E-C2 

1.0130-43 

1. 7: 547: 

0.210 

i.OCOlE-Gt 

2.21465-02 

1 .01  3041 

C. 755473 

0.215 

1.0C015*C6 

2.221 26-02 

1.0! 3040 

'.7:5476 

0.  22  0 

1 . OC  01E*C6 

2.51625-02 

1.013C35 

0.75:479 

0.225 

1.0C01E»:6 

2.2097E-C2 

1.013037 

1.755432 

0. 21C 

1 . OC  01  e-*:£ 

2.6  6<.4E-02 

1.013035 

1.7 '54:5 

0.  21  5 

1.3C01E-C6 

4.6575E-C2 

1.01 3034 

0.7:54c8 

0. 240 

1 . ocoiE*:t 

2.5-'116--:2 

1.013032 

:.7'‘'--49  1 

3.  245 

i.oco:e-3c 

2. 6*4 46 -01 

1 .0l3':3l 

7=5494 
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3.250 

l.3C015*3c 

3.49395-C? 

1.01502? 

C.  726‘.97 

3.  25  5 

1 . OC  01 £*0e 

2.'523?F“C? 

1.013026 

0.755503 

3.2eo 

1 .0C0l£*C6 

2.66445-C2 

1.013026 

0 . 7 5 5 5 C 2 

3. 2t5 

1.0C01E«3t 

2.  34  3 BE-C2 

1 .013025 

3. 7S5  50  5 

3.  270 

1.0C015-C6 

2.7063; -C2 

1.013C23 

0 . 7 8 5 5 C 5 

3. 275 

1 . OC  31  £-.06 

3.22125-C2 

1.013022 

0.755511 

3.260 

1.0C31£*G6 

3.66445-02 

1.013C20 

0.76551- 

3.265 

1.0c0l£*Cc 

2.  e 1665-02 

1.013019 

0.75=517 

3.2S0 

1.  0C02£*C6 

4.62l9c-C2 

1.013017 

C. 752520 

3.  2S5 

1.  OC  02  E*C6 

1.9137E-C2 

1.013016 

C.  765  523 

3.  SCO 

1 . 3C  026*06 

2.2  4.'12E“C2 

1.013014 

C.7r=526 

3.  3C  5 

1.3C02E*C6 

3.6544E-C2 

1.013013 

C . 7 ; 5 5 2 9 

3.310 

1.0C02£*C6 

3. 6644E -C2 

1.013011 

3.7-5532 

3.315 

1.3C02£'»CC 

3.2212E-C2 

1.013310 

0.7=5535 

3.  32  0 

1 . OC  32  £*06 

2. 9232E-C2 

1.013036 

0 . 7 5 5 £ 2 S 

3.  325 

1.0C024*06 

2. 343  3E-C2 

1.013C07 

0.76=541 

3.330 

1 .0C02£*06 

2.ei685-C2 

1.013003 

0.765543 

3.335 

1 . OC  32  £*0t 

3. 6644S-C2 

1.013004 

3.7:5546 

0.34  0 

l.QC02£*3t 

2.92335-02 

1.013002 

c./3::'49 

3.  34  5 

1.  '3C  02E*06 

1 .9  n7E-C2 

1.013001 

3 . 7 5 5 5 2 

3.  350 

1.3C02-*06 

3.31465-02 

1.012999 

3. 7?5  555 

3.  35  5 

1 . OC  02  £*06 

3.4C;*.5— 02 

1 .01299S 

3.76555? 

3.  3t  0 

l.jC02£*06 

2 .9  23  2£ -C  2 

1.012996 

3.765561 

3.  365 

1 . OC  32£*06 

2. 34335-02 

1.01299= 

C.  755  56- 

3.  37C 

1.0C32£*06 

3.3146E-C2 

1.312993 

0.7?; 56 7 

3.  3' 5 

l.QC02£*Ct 

3.56445 -C2 

1.012992 

3.76557: 

3.  363 

1.0C02£*C6 

2.92225-C2 

1.012990 

3 . 7 £■  5 5 7 3 

3.  36  5 

1.  OC  02E*3t 

2.20975-02 

1.012959 

3.765576 

3.  3<;c 

1 . 3C  025*06 

3.53365-02 

1.012967 

3.73557? 

3.  3?5 

1.0C32E-.C6 

3.2212E-C2 

1.012966 

:.  7 = 5522 

3. 4C0 

l.3C325*C6 

3.2212E-C2 

1.012934 

3.7=5554 

3. 4C  5 

1.0C02E-.06 

3.62735-02 

1.012953 

3.7=5567 

3.41C 

1. OC  02E*C6 

2. 9 23  2E -0  2 

1.012921 

3.7:539: 

3.415 

!.0C02'*06 

3.66445-02 

1. o: 2960 

3.765593 

3.42  0 

1.0CC2£*06 

4 . 2 0725-02 

1.012976 

3 . 7 6 5 59  e 

3.  LIS 

1.3C02£*Ct 

3.22125-02 

1 .012977 

C. 765599 

3.43  0 

1.0C02E*C6 

5.  C 02 45 -0  2 

1 .01277  = 

3 . 7 = 5 b 3 ? 

3 . 4 ; 5 

1. 0C02E*06 

2.51665-02 

1.0!2?7u 

C.75:-6C5 

3.440 

1.CC02£*C6 

3.2212; -02 

1 .012972 

3 . 7 ; 2 £,  C = 

3.  44  5 

1.0C025*Ct 

1.9137F-C2 

1 .012971 

3.7=3;,:; 

3.45  0 

1.0C02E*06 

2 . 34’?5 -G2 

1 .0  12969 

3 . 7 5 5 6 1 <. 

0.455 

1.3C02E*0c 

4.05455-02 

1.012966 

2 . 7 5 0 1 7 

3. 46  3 

1.06025*36 

3.5-:Cl5-C2 

1.012=66 

C.7  = 2b2-' 

3.  46  5 

1.0C02E-.C6 

2.-7115-02 

1 .0l29t  = 

C. 72 : s2  3 

■3.47  0 

1 . OC  02  £*  C6 

2.?0‘  35-02 

1.012=63 

0.72562= 

'i.L'S 

l.CC02£*36 

4.05955-02 

1 . 01  29t2 

3 . 7 6 5 e 2 ? 

3.460 

l.0C025*C6 

1 .';i?7e-c2 

1.012=60 

:. 785  6 3 1 

3.  45  5 

1 . OC  32  S*C6 

1 . 7469= -00 

1 .01295; 

3.765634 

3.  4Sl 

1.3C32£*36 

4.05:5£-':2 

1.012957 

0.765637 

0.4<;5 

1.0C32E*36 

2.92325-02 

1.0 12956 

: . 7 -O  5 6 4 0 

■3  . 5 C C 

l.0C32E*36 

£.5l63=-02 

1.012=54 

0 . 7 2 2 b t 3 

- 86  - 


Table  3.2c 


Outer  Loop  Bias  Control  of  a Fixed  Boresight  Error,  With  a 
Servo  Stability  Factor  of  a = 4 , and  a = 20  msec  Update 
Time 


T I^  = 

5 4K  SE 

MliS  nSTiNCE 

THET* 

o 

T 

( SEC  . ) 

( ME  TERS  ) 

(METERS) 

(R»D. ) 

(B»:. ) 

3.0C5 

1. CC  0CE*06 

2.eE53E*C2 

1.013155 

0.765400 

3.010 

l.CC0CE*0t 

6.5051E*01 

1.013153 

0.755404 

0.  01  5 

1. 3C  OCE-Oe 

t.5233E*Cl 

1.013151 

0. 725406 

3.  OcO 

1.0C0CE*0c 

e.Sl77E*01 

1.013150 

C. 795409 

0.  OeS 

1.0C0CE«3t 

fc.5ie7E*Cl 

1.013031 

C.  765303 

0.010 

1.0CCICc*C4 

S.5C51E*01 

1.013060 

0.755354 

0.035 

l.OCOCE-06 

1.S761E-C1 

1.013C6C 

C.  755339 

0.040 

1. 3C0CE-*C6 

4.30515*01 

1.013064 

0.755343 

0.045 

1 . OC  0CE-*06 

3.62425*01 

1.0 131 37 

C.7S541 9 

C.OEC 

1.0C0C£-0e 

t. 24365 *01 

1 .013103 

C.  7953<;2 

0.  055 

I.OCOCE-06 

1. 74P9e*C1 

1.013114 

0.755406 

0.  oto 

1.0C01E*Ct 

3.21665*01 

1.313108 

G. 765405 

0.0<5 

1 .0C0lc*C6 

2.e2:45*Cl 

1.013050 

C. 7?535& 

0. 370 

1.0C01E*06 

4.7?f iE*c: 

1.013073 

G. 7=5362 

3.075 

1.  OC  31 E*C6 

1.27415*01 

1.313062 

0.735376 

0.  0€0 

1.0C01E*C6 

2.41355*0! 

1.013064 

0.785382 

3. 0£  5 

1 . OC  01 £«06 

2.11425*01 

1 . 0 1 3 1 C 5 

C.7954Z4 

3.350 

1.0C01E-*C6 

3.54740*01 

1 .013CS5 

0.765410 

0.355 

1.0C01E-*0t 

5.72655*00 

1.013C50 

0.735419 

3,  ICC 

l.OCOlE-36 

1 *5 1-45*01 

1 .013057 

C . 7 8 5 4 £ 0 

0.  IC5 

1.0C01E-»Ct 

1.5e<?2E*Cl 

1.013053 

755394 

0.  lie 

1.3C01E-C6 

2.66775*01 

1.013C66 

0.755409 

0.  115 

l.OCOlE^Cfc 

7.3115E*30 

1.013C59 

C. 7=5407 

0.  1£C 

1.0C01E-C6 

1.3625E*C1 

1 .013C59 

G.7?5ul2 

0.125 

1 .0C01c-*0t 

1 .1923E*C1 

1.313CS2 

0.755437 

0.  130 

1.  OC  01 E«0t 

2.00455*01 

1.013C7C 

0.725430 

3.  135 

l.GC01E«0t 

5,50455*30 

1 .013072 

0.765437 

3.140 

i.ocoiE*oe 

1.32545*31 

1.013069 

0.755439 

3.  145 

1.0C01£*3t 

e. S517£*C3 

1.013C5C 

0. 755425 

0.  150 

I.QCCIE-Ct 

1.50665*01 

1.313C56 

0.76=435 

3.  155 

1. 3C :iE*Ct 

4.122-5E*C3 

1.013C32 

c. 735435 

3.  It  0 

I.OCGIE-Ot 

7.71620*00 

1 . 0 1 3 C 5 1 

0.76=43? 

c.  Its 

1.0C0l:-Ct 

6.74695*00 

1 .013C62 

C. 7?54=w 

0.  170 

1 . 0C31E«04 

1,1 7520*01 

l.C13C5t 

0.7554=2 

0.  17  5 

1.0C01E-*Ot 

3.15025*00 

1 .013057 

0 . 7 5 5 4 = 7 

3.  160 

1.  0C31E-*at 

5.p:47e-00 

1.013054 

: . 7 = 5 4 5 9 

C.  165 

1. 0C01£*Ct 

5.32552*00 

1.017043 

0.75=453 

0.  15G 

1 . OC  01 E*oe 

6.51575*03 

1.313046 

0.76:460 

3.  155 

1 . OC  3l£*:e 

2.?746£*03 

1.013C4I 

0.795461 

3. 2CC 

1. OC  31E-06 

4.74642*00 

1.013041 

0.765465 

3. 2C  5 

l.CC01E*3t: 

3.eiC0E*C3 

1.017045 

0.765-75 

0.21G 

1 . CC  01 E«C£ 

6.?E16E*03 

1.313043 

0.7:54/4 

0.215 

1.3C01  l*Zt 

1.74972*03 

1.013342 

0. 755-73 

3. 220 

1 . 3C  31 1*  3t 

3.251 0E*C0 

1.313041 

0.765481 

0.225 

1. GC  01 E«0t 

2.6  54  75  *03 

1.013C33 

0.78=479 

0.230 

1 .0CQl£*:t 

4.77925*00 

1 . 31  3034 

:.  7 - 5 4 8 4 

3.235 

i.ocoi£-*:t 

1 . 2992: *00 

1.313032 

C. 7^=4  =6 

0. 240 

1.3C3lE*Cc 

2.43795*00 

1.013031 

;.  7 3 £ 4 6 9 

0.245 

1.0C01£-»C£ 

2 . 1 ’ “ 3 2 * 0 0 

1.013033 

:.  7;549:. 

Table  2c 

(Continued) 

Page  2 

0.250 

1.0C01E-*06 

3.57C9E-C0 

1.013C3G 

0.755457 

0.255 

1.0C01E*06 

5.5022?-Cl 

1.013C29 

0.76=501 

0.2«0 

l.OcOlc^Of 

1.P163h*CO 

1.013C23 

C.  765504 

C.2t5 

1.0C01£*06 

1 .60535-00 

1.013023 

C.7S55C-. 

0. 270 

1.0C31E-06 

2. 664 7c •cO 

1 .0l3c=3 

0.73550= 

0. 275 

I.OCQIE-Ofc 

7.?134=-Cl 

1 .01  302  1 

C. 73  = 51 0 

0. 250 

1.3C0lE«0i 

1 . 3457E-C0 

1.013015 

C. 73551 3 

0.265 

l.OcOlE^Ct 

1.  1 7C6£*C0 

1.313C20 

C. 73551 5 

:.  250 

1 . OC  32E-06 

1 . 55C0E -03 

i.oiiois 

0.73=5^0 

0.  255 

1.0C02E-06 

5.33795-01 

1.013017 

C . 7 T 5 5 2 4 

0.  ?co 

1.0C02E*06 

1 .C092E-C0 

1.013015 

: . 7 i 5 5 2 7 

3. ICS 

1 . OC  0eE-»06 

6.53126-01 

1.013C12 

. 7 j 5 i 2 5 

0.310 

1 . OC  02  £♦  36 

1 .4?34E*C3 

1.013011 

C.7S5531 

0.  115 

1 • OC  32  S'*  C6 

4.0  76,75-01 

1.013039 

0.755524 

0. 120 

1.0C02E*06 

7.62C3E-C1 

1.C13CC8 

2.735.-37 

0.  325 

1.0C02E-»36 

6,64296-31 

1 .01  3003 

C . 7 ? 5 6 *.  1 

0.  320 

1 . 3C02E*0t 

1 . 1 1 605-00 

1.013006 

2.735544 

0.325 

l.OCOcE-^Ot 

3.C557F-CI 

1.013C04 

0.755547 

3.  340 

1 . OC  02  E*  06 

5.71015-01 

1 .01  3003 

: , 7 3 5 5 5 D 

0.  345 

1.0C32E*3e 

5.05705-01 

1.C13C00 

0,755552 

0.350 

l.0C02£-*C6 

5.2’425-C1 

1 .01  2599 

2.7 55 55 5 

0. 355 

1 . 3C  02  E<a6 

2.3159E-C1 

1.012593 

; . 7 ; 5 5 5 3 

0.  36  0 

1.3C02E'*C6 

4.29195-01 

1 .0  12596 

0 . 7 3 5 5 £ 1 

0.  365 

1.3CC25*06 

3.7  35  U-C1 

1.015555 

; . 7 r 5 5 1 4 

0.370 

1 . OC  02  E ♦ 06 

6.?9:4r-Cl 

1.012593 

-.7;'r5t7 

0.  37  5 

1.  3CC!e£«06 

1.6 ’5 35 -Cl 

1 .012992 

2 . 7 5 5 7 0 

0. 360 

1.0C0e£*3t 

3.1 5405-01 

1.012591 

:. 75  5 57  ? 

0.36  5 

1.0C0eE«06 

2.57795-01 

1.012555 

: . 7 5 5 i 7 5 

0.  350 

l.ac02E-Jt 

4.6  46  35  -0  1 

1.012537 

7 3 5 5 7 9 

0.  35  5 

: , OC  02  E*06 

1.  121 3E-C1 

1 .0  1 2536 

2.755561 

0. 4C  0 

1 . OC  OeE^Ot 

2. 3 51 5E -01 

1.012564 

: . 7 :■  5 5 6 4 

0.4C5 

1.0C02E*36 

2.11665-01 

1.012533 

3.735585 

0.41C 

1 . OC  02  E-  36 

3.44195-01 

1.012561 

2.76555: 

0.415 

1.0C02E'*C6 

1.1213E-01 

1 .012530 

: . 7 =>  5 5 5 3 

0.  42  0 

1.0C3cE*Ct 

1. 7712?. Cl 

1.01257s 

2.7:5556 

0.425 

1.  OC  02E'*06 

1 .55565-01 

1.012577 

2.765555 

0.430 

1.  0C02E-36 

2.5  30  35-Cl 

1 .012575 

: . 7 E 5 6 2 2 

0.435 

1.3C02E*:6 

7.20235-C2 

1.012974 

:.  7 E562  3 

0.  44  0 

ItOCOeE^Oc 

1.30965-01 

1.012572 

:.7E56C3 

0.  44  5 

1.  3C02E-»36 

1.  1 71 95-01 

1.012971 

2.725611 

3, 45C 

l.0C02E*Oc 

1 .9  5935  -0  1 

1.012565 

C . 7 5 5 5 1 4 

0.  45  5 

:.  OC  02  E-*36 

7. ’7035-02 

1.01256? 

C.  7 = 561  7 

0.  46  0 

1.3CG2E*0e 

1.00665-01 

1 .01  2566 

C , 7 ? 5 6 2 2 

0.46  5 

1. OC  02E«06 

e.7  6<:*:T-;2 

1.012565 

2.73:622 

0.470 

1 .oco2E-;6 

1.44275-31 

1.012563 

2 . 7 : : 6 2 5 

3.47  = 

1.3C02£*06 

5. 1 '30E -02 

1 .012562 

2.7*5023 

0.46  0 

1.0C02E*06 

S.  3 7*05  -02 

1.012560 

: . 7 = 0 6 ! 1 

0. 46  5 

1 . OC  02  E*  36 

7.11755-02 

1.C12559 

;. 75:634 

0.450 

1.3C02E-C6 

1.23275-01 

1 .01  2557 

2 . 7 E = 6 3 7 

0.455 

1.3C32E«Ct 

1.012556 

".7:5=42 

0.  5C  3 

1.CC32E*C6 

t.C00’£-:2 

1.012554 

; . 7 3 = 6 4 3 
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Table  3. 2d 


Outer  Loop  Bias  Control  of  a Fixed  Boresight  Error, 
Servo  Stability  Factor  of  a = 3 , and  a = 20  msec 
Time 


With  a 
Update 


S 4\  Oc 

MISS  ClS'^'ANCE 

TMcT/k 

'Hi 

(SEC*  ) 

( TC(?C  ) 

( riE-fECS  ) 

( CIO, ) 

(9  40.) 

3.0C5 

1.0C3C£*06 

2. e3£0£*C2 

1.013155 

C-7354C0 

O.OlC 

i.ococE*oe 

6.50Sl£*Cl 

1.013153 

J. 735404 

3.015 

1.0c0CE*Ct 

6.52?3£*c1 

1.013151 

0*735406 

O.OeO 

1.0CCCE*0t 

6.5177E*C1 

1.013150 

C*  735409 

Q.3Z5 

I.0c3c£-*a6 

t.5le72*Cl 

1.0l2<59£ 

0*725269 

3.  O’O 

1. ococE*:( 

1. 404e£*C? 

1 .013C53 

0*  75533*. 

0.025 

1 . oc  0r£*0fc 

4. eot^e-ci 

1.013031 

0*735313 

3.040 

1.0C3C£*0c 

7.79i5£-cl 

1 .013038 

C*725324 

3.045 

1.0C0C£*0( 

7.C0£1E*01 

1 .013221 

755495 

3.05  0 

1.0C0CE*jt 

1.742t=*C2 

1.013139 

0.735425 

0.055 

1 .0£OCE-*Ot 

t. 27l4e*Cl 

1.013168 

0.735456 

0.3(0 

1.0C0lE*0c 

•i.tbf.  1E*C1 

1 .013157 

0.755449 

0.  3«  5 

1 . OC  01 5*06 

S . C 1 2 3E  *■  C 1 

1.012919 

0.735236 

0.  370 

1. ocoie*:6 

2.2277e*C2 

1.013C2C 

0.735333 

0.075 

1.0CC1E*j6 

2.  1 1 =*’£  •Cl 

1. 01 2979 

0.7553c: 

0.  OEO 

1 . OC  Cl£*06 

1. '716E*C2 

1.012991 

0.735315 

0.3£5 

1. OCOl •*Zi 

1.14See*C2 

1.013291 

•0.755594 

Q.OSC 

1.0C0l=*0t 

2. e4e6E*C2 

1.013152 

0.78547? 

0.  QS5 

1. 3CClE*Ct 

l.C2tOE-C2 

1 .0132C6 

785025 

0.  ICO 

1.  OC  0l£-*0£ 

l.t227E.r2 

1.013189 

0.795513 

0.  K5 

1.0C0l:*0i 

1.4fc72E‘C2 

1.C123C2 

0 . 7 ? £ 1 6 4 

0.  110 

1. 0C01E*Cs 

3.f 274E*C? 

1 . 01 2968 

0.785320 

0.115 

1.0C'3lE-*0e 

1.?22  2E*':2 

1.012907 

:.7952t£ 

Q . 1 2 0 

1.0C0l£*3t 

2.C7C9S -C? 

1.012922 

0.785257 

0.  12  5 

1.  OC  01  £-*05 

1. ?725£*C? 

1.0134:2 

0.7=5739 

0.120 

l.CC0!E-*06 

4.t2C5S*C2 

1.013197 

:. 755547 

3.125 

1 . OCOl E*Cc 

1 .f 572r*C2 

1.013277 

C. 7 :5  62  4 

0.  140 

1.GC01E*C6 

2.t42e£*C2 

1 .013248 

0.785602 

0.  145 

1. 0C0!E*C6 

2 . 2 ?9  5E*C2 

1 .0126  2 0 

:.  72  5032 

3.  150 

l.OCOlE^Ct 

5.90£0E*C2 

1.012991 

0.7:5284 

0.155 

1.0C01E-*0£ 

2.1527F*C2 

1 .012736 

0.785192 

3.  lec 

l.OCOlE^Oc 

2.2725: *02 

1 . 0 1 2 S 1 9 

C.  7 9522‘» 

0.  Its 

l.QCOlE-'Ot 

2 . C 6£ 2 

1.013617 

;.7:r962 

0.170 

1.0C0lE-*0t 

7.S4:5f.C2 

1.013268 

0.785646 

0.  175 

:.ocoiE*0£ 

2.74?7p-C2 

1.01339c 

7 25770 

0.  150 

1 . oc  01 E*Ct 

4.7045E*C2 

1.013353 

:.  78573  ? 

0.  1E5 

1.0C0l£*0t 

2.e92i:*c2 

1.012331 

;.7e..3c2 

0.  ISO 

:.occiE*:6 

S.ti2  3E*C2 

1.012773 

C . 7 2 5 2 1 1 

0.  1S5 

1.0C01E*Cfr 

2.5u73E-C2 

1.0126C<. 

5.7  2 5 06:. 

0.2C0 

1 .GCOlc^wC 

S.4<r35?*C? 

1.012653 

0.755113 

C.2C5 

1.0C0lE*0t 

4.«;571E*C' 

1.013959 

0.796309 

0.  21C 

1.  3C01E*0£ 

1.22S2E-C2 

1.013391 

0.7=5793 

3.  21  5 

1.0C0lE*0t 

4.4  ■’t2S*C2 

1.0136C4 

7 80  993 

3.  220 

1.0C0lE*Ct 

7.0109; -CE 

1. 0 1 35 32 

0.725931 

3.225 

1.0C01E*J= 

6.2391E-C2 

1.011267 

0,7r4-.i2 

0. 220 

1. 3C01E*:t 

1.5‘,'2E*C2 

: . 01  2539 

C.  7»EC7£, 

0.  225 

1. OC  31E*Gt 

5.7125E*C2 

1.C13313 

0.7=4=29 

3.  240 

1. OC  OlE-Ot 

S.9471E*C2 

1.012402 

0.7 “4 9! 4 

0.245 

l.CC01E*Ct 

e.C7C4S*C2 

1.014523 

0.736260 
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Table  2d 

(Continued) 

- 

Page  2 

. 250 

1 . OCOl 

E ♦ C 6 

2. r0C6£  *CT 

1 .013595 

0 . 7 ■'  t 0 1 7 

. 25  5 

1 . OC  01 

;♦  Ofc 

7.2  357£’'C2 

1.013547 

: . 7 = 6 1 4 1 

. 2 1 C 

1 . 0 C 1 1 

0*  Oc 

1 . 1 41 3?^C3 

1.013830 

0.76623? 

. 2f  f 

1 . 0 c 0 : 

l.r324£*03 

1.C11120 

0.763724 

. 27  C 

1 .GCOl 

f ♦ Ct 

2 . 5522=  *03 

1.012297 

C . 7 r 4 S 4 3 

.275 

1 . OCOl 

5 ♦ Ot 

5.30£5E*C.2 

1.011849 

C . 7 ? 4 4 2 3 

. 25  0 

1 . OC  01 

5 *06 

1.4'^-2F^C3 

1.011954 

0.76457;, 

.265 

l.GCOl 

E*02 

1.?176£*C3 

1.015445 

0.  7=  774  3 

. ?so 

1 .0C02 

:*C6 

3.  c5?S0*C3 

1.013944 

C.  7 66  36  6 

. 2S5 

1 . OC  Oc 

£♦05 

1 . 1 ?‘’1£-C3 

1.014512 

C, 766593 

.?cc 

1. 0C02 

; ♦ 0 1 

1 . 5 5562  *03 

1.014323 

C. 7=2724 

. 3C5 

l.OCOc 

E+  Oe 

1.25142 *07 

1 .009509 

C.  7 =2  69  3- 

. ?1C 

1.  oc  02 

£■•06 

4. 1 52 1£*C3 

1.011929 

C. 7=4447 

. 315 

1.GC02 

£♦02 

1.5150 £*03 

1.011099 

0. 7b37cfc 

.32  0 

1.0C02 

E*  Oc 

c.  37?£5*:'' 

1.011337 

0.794009 

. 3c  5 

l.OCOc 

E«02 

2.:420E*C? 

1 .012961 

0.769166 

.310 

1 . oc  02 

E * Ot 

5 . 307  55-03 

1 .014515 

0.7=6923 

. 335 

1 . oc  02 

E«  Cfc 

1.53715*03 

1 .0154<.C 

:.  7 = 777  5 

. 3i  C 

1.  OC  02 

E*  Ot 

3.02=75-03 

1.015133 

0.7675C1 

. 34  5 

1 . OC  02 

E*Ci 

2.73532*C7 

1 . 0C  7544 

C. 7 =C  92c 

. 35  0 

l.OCOc 

E*0fc 

2.72-’55-C3 

1.011073 

: . 7 6 3 7 c 3 

. 355 

1. 0C02 

E-Oc 

c.46?l£*C? 

1.009665 

C. 75271 1 

. 3«  C 

1.  OCOc 

£♦36 

3.8650E-C3 

1.010274 

0.7  = 307  1 

. 3t5 

l.OCPi 

£♦02 

3. 4‘*52E*C3 

1.019430 

0.79:47= 

1.  37  0 

l.OCOc 

£♦02 

6.6427E*03 

1.015452 

C . 7 ? 7 a ; 2 

.375 

1 . OC  02 

£♦02 

3.  1 475£*:7 

1.01655= 

0.7=5206 

. 32  0 

1.CC02 

£♦02 

4.53225-03 

1.016459 

C. 7tE752 

. 365 

1 . OC  02 
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Outer  Loop  Bias  Control  of  a Time -Dependent  Boresight  Error,  With  a 
Servo  Stability  Factor  of  o = 6 , and  a = 20  msec  Update  Time 


This  table  is  identical  to  Table  lb,  and  so  is 
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Table  3. 3c 

Outer  Loop  Bias  Control  of  a Time -Dependent  Boresight  Error,  With  a 
Servo  Stability  Factor  of  o = 6 , and  a t = 80  msec  Update  Time 
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Diffuse  Backscatter 
Focal  Plane  Statistics 
for  a 

Laser  Transmitter/Receiver 


! i 


Introduction 


We  are  interested  here  in  determining  the  statistics  of  the  receiver 
focal  plane  intensity  for  a transmitter/ receiver  system  viewing  the  laser 
spot  pattern  which  it  projects  onto  some  very  rough  target  surface.  In 
the  transmitter /receiver  configuration,  by  means  of  a beam  splitter  o”  a 
T/R  switch,  the  same  aperture  serves  the  dual  functions  of  1)  projecting 
an  image  of  a monochromatic  point  source  (i.e.  , a laser)  located  at  the 
center  of  the  focal  plane  onto  the  target,  and  2)  forming  an  image  of  the 
backscatter  from  the  target  on  the  focal  plane. 

We  consider  the  target  surface  (normal)  to  be  rotating  (changing  its 
orientation)  with  respect  to  the  line-of- sight  and,  therefore,  understand 
that,  although  the  surface  is  randomly  rough,  there  is  a well-defined  time- 
delay  correlation  of  the  surface  height  and  thus  of  the  induced  phase  shift 
at  a point.  Accordingly,  we  find  it  necessary  to  consider  not  only  the 
spatial  statistics  of  the  signal  across  the  focal  plane,  but  the  time  delay/ 
spatial  statistics  of  the  backscatter  signal  intensity  in  the  focal  plane. 

We  shall  assume  that  the  statistics  are  adequately  characterized  by  the 
first  and  second  moments  ?nd  accordingly  shall  restrict  our  attention  to 
the  computation  of  those  t’  q moments. 

Our  actual  interest  is  in  a system  which  utilizes  a two-dimensional 
array  of  close-packed  square  detectors  to  determine  the  apparent  location 
of  the  centroid  of  the  backscatter  pattern  from  the  target.  For  the  calcula- 
tion of  the  effect  of  speckle  statistics  on  this  system,  we  need  to  know  the 
temporal  covariance  of  the  signal  intensity  from  any  two  of  the  detectors. 
Our  approach  to  the  calculation  of  this  covariance  is  to  first  calculate  the 
spatial- temporal  covariance  of  the  intensity  in  the  focal  plane.  Then  from 
this,  we  will  calculate  the  covariance  for  the  outputs  of  the  individual  de- 
tectors in  the  array.  This  latter  calculation  is  rather  straightforward 
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once  we  have  an  expression  for  the  spatial- temporal  covariance,  but  for 
convenience  we  postpone  it  to  subsequent  work,  restricting  our  attention 
here  to  focal  plane  point  statistics. 

In  the  following  section  we  shall  discuss  the  geometry  of  the  encounter, 
defining  the  various  pertinent  parameters.  The  section  after  that  will  be 
concerned  with  the  spatial- temporal  statistics  and  the  mathematical  treat- 
ment of  the  rough  surface -induced  phase  shift.  The  subsequent  section 
will  present  several  of  the  more  important  mathematical  and  propagation 
formula.  In  the  remaining  sections  we  will  present  the  calculation  of  the 
first  and  second  moments  of  the  focal  plane  point  intensities. 


4.2 


Encounter  Geometry 


The  encounter  geometry  is,  for  purposes  of  analysis,  as  indicated 
in  Fig.  1 . We  consider  everything  to  be  defined  relative  to  the  trans- 
mitter/receiver aperture  plane.  We  define  position  on  this  aperture  plane 
by  a two-dimensional  vector,  y,  with  its  origin  at  the  center  of  the  aper- 
ture. To  define  the  target  plane  and  the  focal  plane,  we  consider  two  planar 
surfaces  at  distances  R and  F , respectively,  from  the  aperture  plane. 

We  use  the  two-dimensional  vector  x to  denote  a position  on  the  target 
surface,  the  two-dimensional  vector  y to  denote  a position  on  the  aper- 
ture plane,  and  the  two-dimensional  vector  z to  denote  a position  on  the 
focal  plane.  We  shall  assume  that  the  range,  R , is  so  much  larger  than 
the  aperture  diameter  that  the  target  surface  is  in  the  far-field  of  the 
aperture . 

Referenced  to  the  center  of  the  aperture,  the  target  position,  x , 
can  be  equated  with  the  field  angle. 

0 = x/R  . (1) 

Correspondingly,  we  equate  the  focal  plane  position,  z , with  field  angle 

? = -z/F  . (2) 

Because  of  the  time  varying  geometry  of  the  engagement,  the  rela- 
tionship between  the  line-of- sight  and  the  physical  target  will  be  changing. 
This  change  corresponds  to  a rotation.  For  notational  purposes  it  is  con- 
venient to  define  this  rotation  in  terms  of  an  incremental  change  in  the 
surface  normal  unit  vector.  If  n(t)  denotes  the  unit  normal^'  at  time  t , 

* A proper  understanding  of  the  meaning  of  n and  its  relationship  to 
the  x-plane  requires  some  comment.  We  do  not  expect  the  target 
surface  to  actually  conform  to  the  x-plane  — the  x-plane  being,  by 
definition,  perpendicular  to  the  line-of- sight.  Rather,  we  consider 
the  actual  target  surface  to  be  projected  in  accordance  with  the  line- 
of-sight  upon  the  x-plane.  It  is  this  projection  that  we  consider  to 
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(3) 


then  at  time  t + dt  , we  may  write 

n(t  + dt)  = n(t)  + Q;(t)  dt  , 

with  o((t)  denoting  the  rotation  rate.  Thus,  if  the  random  roughness  of 
the  target  surface  will  introduce  a random  phase  shift,  0^(x,  t)  , into 
the  radiation  incident  from  along  the  line-of- sight,  at  x , at  time  t , 
then  at  time  t + dt  , because  of  the  rotation,  it  will  produce  a phase 
shift. 

0^(x,  t + dt)  = t)  + — o(t)  • X dt  . (4) 

X 

Here  X denotes  the  wavelength  of  the  incident  radiation. 

We  shall  have  no  particular  need,  in  this  report,  to  consider  the 
reason  why  a has  some  particular  value.  For  completeness,  however, 
we  note  at  this  point  that  the  value  of  a will  be  determined  by  two  fac- 
tors. The  first  of  these  derives  from  actual  rotation  of  the  target.  The 
cross-product  of  the  target  spin  axis  with  a unit  vector  along  the  line-of- 
sight  gives  this  contribution  to  a . The  second  factor  contributing  to  o 
arises  from  the  motion  of  the  target  and  sensor  (i.  e.  , aperture  and  focal 
plane  assembly)  with  respect  to  each  other.  In  as  simple  a pattern  as  a 
noiunaneuvering  "fly-by”  the  relationship  of  the  line-of- sight  to  the  physi- 
cal surface  normal  will  change.  This  results  in  a factor  contributing  to 
the  value  of  a . 


(Continued  from  preceding  page) 

be  the  effective  target  surface.  Thus,  while  in  our  analysis  the  effec- 
tive target  surface  remains  the  x-plane,  despite  actual  rotation  of  the 
real  target  surface,  we  may  talk  of  surface  normal  n , corresponding 
to  the  actual  target  surface,  and  take  accovuit  in  our  analysis  of  its 
rotation. 
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With  the  preceding  definition  of  the  encounter  geometry  now  in 
hand,  we  turn  our  attention  to  the  surface  roughness  statistics.  We 
take  this  up  in  the  next  section. 


4.3 


Surface  Roughness  Statistics 

Based  on  analysis  which  we  have  presented  elsewhere*,  we  argue 
that  the  backscatter  from  a randomly  rough  target  can  be  separated  into 
two  parts.  The  first  of  these,  which  we  call  the  specular  return,  depends 
only  on  the  target  shape  and  its  effective  reflectivity.  The  effective  re- 
flectivity is  a number  less  than  unity,  whose  value  is  determined  by  one 
minus  the  absorbtion  (and  transmission)  of  the  surface  material  times  a 
number  of  the  order  of  exp(-4k®  a^)  where  o®  is  the  mean  square  target 
surface  height  variation  and  k = Zrr/X  . The  specular  return  appears  to 
come  from  a perfectly  polished  target  with  this  effective  reflectivity. 

The  specular  return  is  not  random.  In  general,  it  may  be  expected  to 
be  zero  for  a perfectly  flat  target  (except  very  near  normal  incidence) 
and  to  vary  only  very  slowly  with  change  of  target  orientation  for  a com- 
pound curved  target  surface.  The  specular  return  is  generally  to  be 
associated  with  a limited  region  on  a compound  curved  surface,  namely 
the  region  near  where  the  surface  normal  is  parallel  to  the  line -of- sight. 
As  the  target/line-of- sight  relative  orientation  changes,  this  region  will 
shift  on  the  target  surface  and  correspondingly,  the  strength  of  the  specu- 
lar return  will  change  in  accordance  with  the  changing  radii  of  curvature 
at  the  specular  region  (and,  of  course,  also  in  accordance  with  the  change 
in  the  incident  power  density  of  the  specular  region). 

The  second  part  of  the  return  from  the  rough  target,  which  we  refer 
to  as  the  diffuse  return,  has  been  shown  to  have  a Rayleigh  distributed 
random  amplitude,  and  to  originate  from  the  entire  illuminated  region  of 
the  rough  target  surface,  its  average  power  being  proportional  to  the 


D.  Li.  Fried,  "Statistics  Of  The  Laser  Radar  Cross  Section  Of  A 
Randomly  Rough  Target,  " J.  Opt.  Soc.  Am.  6^,  1150  (1976). 
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BRDF  averaged  over  the  entire  target.  This  portion  of  the  return 
appears  to  come  from  a target  surface  which  induces  a phase  shift  that 
is  uniformly  distributed  between  0 and  Zn  . This  insures  that  the 
correlation  of  the  wavefunction  scattered  from  two  points,  x and  x*  , 
that  are  far  enough  apart  , will  have  zero  value. 

Arguing  that  we  will  always  be  considering  fine  grain  surface 
roughness,  we  can  show  that  for  (x'  , t)  to  be  correlated,  x and  x' 
must  be  so  close  together  that  all  propagation  effects  will  be  indepen- 
dent of  the  distinction  between  x and  x'  . This  allows  us  to  write 

(exp{  i [01,  (x,  t)-0^(x',  t]3)  = p 6(x  - X' ) . ( 

where 

p = Jdx'  (exp{i  [0j,(x,  t)  - 0^(x'  , t)]}>  . ( 

[We  note  here  that  we  shall  never  actually  attempt  to  evaluate  p from 
Eq.  (6).  ] 

Making  use  of  Eq.  (4)  we  can  extend  Eq.  (5)  to  the  form 

<exp[i  [0  (x.  t)  - 0,,(x'  , t'  ]})  = p 6(x  - x'  ) X expf^a  ' S(t'  - t)]  . 

K 

*4 

In  writing  this  we  have  assumed  that  the  rate  of  rotation,  a{t)  , is  not  a 

^4  si4 

significant  function  of  t,  i.  e.,  a(t)sia(t'),  and  accordingly,  have 
dropped  the  t-dependence.  As  a further  extension  of  Eq.  (5)  to  a four- 
point  function,  we  can  write 

I 

(exp[i  [0,,(x,  t)  - 0^(x'  , t')  + 0p(x'',  t")  - 0^(x'"',  t"')]}) 

= P®  6(x  - x'  ) 6(x"  - X'")  exp[  — a • [x  (t  - t') 

X 


+ x''(t"-  t"")]} 
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(Continued) 


+ 3^  6(x  - x'")  6(x''-  x'  ) exp('^  • 
X [x(t  - t"»)+x"{t"  - t')]}  . 


With  these  equations  in  hand,  we  may  consider  that  we  have  ade- 
quat'*'  defined  the  statistics  of  the  rough  surface  induced  phase  shift 
of  the  diffusely  scattered  wave.  Similarly,  having  noted  that  the  specular 
scattered  wave  is  not  random  and  varies  only  slowly,  we  may  consider 
its  characteristics  adequately  defined.  Accordingly,  we  now  turn  our 
attention  to  the  basic  propagation  formulations.  We  take  this  up  in  the 
next  section. 


4.4 


Propagation  Formulation 


In  the  context  of  the  scenario  depicted  by  Fig.  1,  we  are  interested 
in  the  propagation  of  (monochromatic)  radiation  from  a point  source  located 
at  the  origin  of  the  focal  plane  (i,  e.  , the  z- plane),  through  collimating 
optics  in  the  aperture  plane  (i.  e.  , the  y-plane)  where  the  optics  focus  it 
on  the  target,  and  thence  out  to  the  effective  target  surface  (i.  e.  , the 
X- plane).  The  radiation  incident  on  the  effective  target  surface  is  back- 
Si  atterod  as  two  c(  mponents,  the  specular  part  and  the  diffuse  part. 

Simii  2eoxi:‘'tri<'  'ptjes  is  sufficient  for  treatment  of  the  specular  part, 
and  accordingly,  v.e  . hall  ignore  it  here,  restricting  our  attention  to  the 
dilfii.  return.  The  random  diffuse  return  backscattered  from  the  target 
surface  passes  through  the  aperture  plane  and  its  optics  and  is  then  de- 
ter led  on  the  focal  plane.  Ultimately,  we  shall  be  interested  in  the  sta- 
tistics of  the  backscatter  signal  as  detected  by  the  elements  of  a 
detector  array  in  the  focal  plane  — but  in  this  section  we  shall  mainly 
develop  an  expression  for  the  random  amplitude  at  a point  in  the  focal 
plane  at  -.ome  instant,  of  time.  Development  of  the  statistics  from  this 
will  be  taken  up  in  the  next  section. 

We  may  write  as  our  source  wave -function,  for  a point  source  at 
the  center  of  the  focal  plane 

Uo(r)  = ^ exp[i(kr  - ujt)]  , (9) 

where  r is  a three-dimensional  vector  with  its  origin  at  the  center  of 
the  focal  plane.  A is  the  amplitude  of  the  wave -function,  k = 2n/A.  is 
the  optical  wave-number,  and  u)  = 2rrc/^  , where  c = 3 X 10*“  m/ sec 
is  the  speed  of  light.  If  the  aperture  plane  contains  optics  whose  optical 
amplitude  transmission  is  defined  by  the  function  WQ(y)  [where 
0 s;  W|j(y)  ^ 1 ] ' then  the  power  transmitted  by  the  optics  will  be 
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P,  = i(A/F)a  ; d7  [W  (y)]a  . ( 

based  on  the  assumption  that  the  relevant  extent  of  the  aperture  is  small 
enough  that  for  all  values  of  y of  interest 

(F3  + y3)i/a  « F . ( 

If  the  optics  at  position  y introduce  a phase  shift  0^  (y)  > then 
making  use  of  the  Fresnel-Kirkhoff  integral,  we  can  write  for  the  ampli- 
tude of  the  illumination  at  the  target  surface 


. ikA  „ - ^ exp  fikr^x.  V)  +y(y,  0)1  + i^ 

4tt  J ^ 


» (12) 


where 


^(x,  y),  = (R2  + jx  - y|2)l/3  , 

?(y.  z)  = (F2+  (y  - z (2)1/3  . 

Letting  D denote  the  effective  diameter  of  the  optics,  i.e.  , a measure 
of  the  largest  value  of  y for  which  Wq  is  not  negligibly  small,  and 
assuming  that  R is  very  much  larger  than  D (the  far  field  assumption 
mentioned  earlier),  and  that  F is  much  greater  than  D , i.  e.  , that  we 
are  dealing  with  slow  optics,  we  can  write 


•4  X® 

<’(*■  y>  ^ 


-*  _ z3  y * ; 

3^(7 > F 


Substituting  Eq.  (15)  and  (16)  into  Eq.  (12),  retaining  all  terms  when 
substituting  in  the  exponent  since  it  will  be  multiplied  by  k , but  retaining 
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only  the  leading  term  when  substituting  in  the  denominator,  we  get 


J*  fiy  Wo(y)  exp[ik[R  + F + -^  (R"^  + F"i  ) 


- — ^ + i4(y)]  (RF)-!  • 

The  optics  will  causc  the  transmitted  wave  to  be  focused  on  the  target 
at  N - 0 if  the  phase  shift  0p(y)  has  the  value 

(y)  - U-y'  (R"^  +F-t)  , 

which  we  shall  assume  to  bo  tVe.  rase.  K we  substitute  E^.  (18)  into 
Eq.  n7)  and  simplify,  wo  ca.i  writf. 


" “■SrF  exp(ik^)  rdy  Wp(V)  exp[-ikV  • (x/R)] 


In  obtaining  Eq.  (19),  we  have  dropped  a factor  of  exp[-ik  (R  + F)] 
as  being  of  no  consequence. 

Making  use  of  the  Fresnel-Kirkhoff  integral  again,  we  can  see  that 
the  backscatter  signal  amplitude  of  a point  z in  the  focal  plane,  at  time 
t , due  to  the  scattering  at  a point  region  (x,  dx)  on  the  target  surface 


will  be 


dU(z,  t)  = - ^ exp[i0|^(x,  t)]  dlJ  J dy  W^Cy) 

exp[ik[/p(x,  y)  + y(y.  z)]  +i0y(y)} 
/?(x,  y)  ?(y,  z) 


so  that  the  total  wave-function  at  z due  to  all  of  the  points  on  the  target 
plane  will  be 
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= ■ 47  J exp[i0,(x.  t)]  J dyW^(y) 

^ exp{ik  [^(x,  y)  +^(y,  z)]  + i0,(y)} 

y)  y(7.  '2) 


(21) 


Again,  making  use  of  the  approximations  associated  with  Eq.'s  (15)  and 
(16),  and  substituting  Eq.  (18)  into  Eq.  (21),  we  obtain  the  result  that 


U(5 


^y^(^  exp[i0^{x.  t)]  W^(7) 


X exp  ( -ik  Vi 


(22) 


If  we  substitute  Eq.  (19)  into  Eq.  (22),  we  can  cast  our  result  in  the 
form 


^^1^)111  ^dydy'W^{y)W^{yn 
X exp{  ik^  + i0^(x.  t)  -ikj  +-^)}  . 


(23) 


Eq.  (23)  represents  our  basic  propagation  results.  It  specifies 
the  random  backscattered  amplitude  in  the  focal  plane  at  a point  ~z  and 
time  t , as  a function  of  the  random  phase  shift,  0p(x,  t)  on  the  target 
surface.  With  this  result  in  hand  we  are  now  ready  to  proceed  to  the 
calculation  of  the  focal  plane  backscatter  signal  point- intensity  statistics. 
We  take  this  up  in  the  next  section. 
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4.5 


Point -Intensity  Statistics 


The  random  backscatter  signal  intensity  at  a time  t and  point  z 
in  the  focal  plane  may  be  written  as 

I(z,t)  = I U*(z,t)  UCz.t)  . (24) 

If  we  substitute  Eq.  (23)  into  Eq.  (24),  and  make  multiple  integrals  out  of 
the  product  of  integrals,  we  obtain  the  expression 

dy  dy'  dV'  dy-- 

X W^(y)  W^(y') 

X exp  |i  k ^2R~ — t)  ■ '^R  t)] 

- ik 

where  is  the  total  transmitted  power,  as  defined  in  Eq.  (10),  and 

(7  is  the  effective  aperture  area,  defined  by  the  equation 

= J dy  [W^(y)]2  . (26) 

The  calculation  of  the  average  backscatter  intensity,  I(z,t)  , where 

I (z,  t)  = <I  (z,  t))  , (27) 

is  now  c straightforward  matter.  [We  recall  that  ()  denote  an  ensemble 
average.]  If  we  take  the  ensemble  average  of  the  right-hand- side  of  Eq.  (25), 
commute  the  processes  of  integration  and  averaging,  and  then  extract  the 


•X  • 


(y  + yO  - x'‘(y'+yn  jy-y"); 

R F 


-]} 


(25) 
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0 -dependent  part  of  the  exponential  as  a separate  factor,  which  we  make 
the  only  term  enclosed  in  the  angle  brackets,  we  can  then  make  use  of 
Eq.  (5)  to  allow  us  to  write 


I 

5 


X w^(y)  WgCy')  W^(y")  6(x-x0 


It  is  convenient  at  this  point  to  replace  the  (y,y')  and  (y'*’,y*^) 
pairs  by  sum  and  difference  coordinates.  We  write 

a = i (y+yn  ; o'  = i (y'+Vn  . 

■gsy-y'*  ; 

The  Jacobians  for  the  transformation  of  variables  is  unity  and  accordingly 
we  may  rewrite  Eq.  (28),  performing  the  x'-integration,  as 

^ ^ JVir  a? <«'  .T!  <«'  di 

X W^(5+^6)  W^0-^7)  W^0'.:g6l 

X.xp|-ik[-(|-j.  + . 

It  is  convenient,  at  this  point,  to  define  the  aperture  transmission  overlap 
transform  function,  namely. 
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which  allows  us  to  rewrite  Eq.  (31)  in  the  form 


4n  R j (TF~^‘ 


where  "r  is  a two-dimensional 


For  any  well-behaved  inr.ctjtr;,  gdi  ) 
it  i,  an  be  shown  that 


which  is  really  nothing  more  tha?.  the  wt;ll  - !: iio'vi 
fourier  i-a  <4ral  recovers  the  st.  rting 


we  obtain  the  res 


to  simpiii 


64  n®  R' 


where  is  as  defined  by  Eq.  With  this  n.  suit  in  hand,  we  are  now 

ready  to  turn  our  attention  to  the  second  tuonieut  statistics  of  focal  olaiie 


i r radianc 


We  are  interested  ’u  the  covariance  rei  ' , ^ for  focal  plane  ba 


scatter  intensity,  namely 


and  accordingly  we  now  direct  our  attention  to  the  evaluation  of  the 
second  moment,  <I  (z.  t)  I (z',  t')>  . Making  use  of  Eq.  (25),  we  can 
write 


<I(z,t)  I fz',  t0>  = r * * f dx  - ••dx'^  • • • dy  . . . dy'^‘t 


X WQ(y)*..Wg(y’»»)  exp  ^ik  ^ ^ ~ ^ ^ 

X <exp  {i[0,(x,t)-0|j(x',t)+0^(x*,t')-«»|^(x'~,t')]> 

^ exp  I"-  ik  -x-v^"+y^)+i;".(yi^+7^)-lg-.(7TH.:y,ii) 


X exp 


[ 


(y-y")»  z + (yt^-y^«)»'S^-, 


■J 


(38) 


where  to  facilitate  evaluation  of  this  expression,  we  have  separated  the 
exponential  of  the  0^-dependencies  and  commuted  the  ensemble  averaging 
and  integration  processes,  so  that  the  ensemble  average  brackets  contained 
only  the  0^- dependent  exponential.  At  this  point,  we  make  use  of  Eq,  (8) 
to  exploit  the  0^-statistics.  This  allows  us  to  perform  the  x'-  and  x*'- 
integrations,  obtaining 


<1(2, t)  i(2',t')>  J‘...j<fiJ<c?-d7...d7^“ 


X WQ(y)*  • • WQ(y»“)  exp  ik  ^ - y »)  • z j 

X jexp  j-.ik^i^y^y^-y^-y^) 

+ exp  [.  ik  + - y-- y-)j 

X exp  I i a- [x  (t-to  + X''(t'-t)]l  I 


(39) 
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Rather  than  proceed  directly  with  the  evaluation  of  this  integral,  we  first 
note  th.'it  if  we  consider  only  the  first  exponential  term  in  the  double  curly 
brackets,  we  have  a ten-fold  integral  which  can  be  factored  into  the  product 
of  t-.vQ  e sf-o ntially  identical  five -fold  integrals.  Moreover,  we  note  that 
each  of  these  five -fold  integrals  corresponds  exactly  to  what  we  get  if  we 
were  to  peri'orin  tlie  'x''- integration  in  Eq.  (28)  directly  (i.  e.  , without  any 
change  of  variables).  This  allows  us  to  identify  this  ten-fold  integral  with  the 
I(z,t)  product.  In  view  of  this  fact,  and  taking  note  of  Eq.  (37),  we 

can  thus  write  in  place  of  Eq.  (39> 


c,(2.  ;'.t,t')  = j ~ j 


\ .8  / P.  -,3 


:'.  . . J*  dx  dx'^  dy*  • • dy’” 


. .X,,  r-i  k (y-y*) • (?"- ?"> • "' 


r X*  fy+ y'- y’*  - v''‘*)+ x' • (y*’'+ y’ - y"  - y'**’)- 
X exp  ! ..k  y. 


X exp  [2  i k (t  t')  a • (x-x  ")] 


(4  0) 


At  this  point,  to  proceed  further  \vith  the  analytic  reduction,  we  need  to 
make  an  extensive  change  of  variables,  to  sum  and  difference  coordinates. 
We  define 


^ - y 

(41) 

(42) 

ylv  ^'yVl  ^ 

(43) 

"yV  _ yv!  1 ^ 

(44) 

X - \ 

(4  5) 

* The  j'lfe.’raH  .a.  iv.  u fl  , :i' i i a 1 , except  that  fz'.tO  appear-"  n one. 

vilvv  ■ (/.,  } rine.i’-s  in  the.  other. 
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Noting  that  our  results  are  only  a function  of  t-t 
separately,  we  define 


, and  not  of  t or  t 


In  developing  Eq.  (47),  we  have  made  use  of  the  fact  that  we  can  write 

X-  (y+ y'- y**  - y’**)  + x''  • (y‘’  + y*  - y'-  y**) 

= G^+^v)-  (y+ y'- - y»“)  + (ir-^^*(y‘*  + y»-y'-y‘^) 

= (y +3?'- y»l  - y**‘  + y I*  + y»  - y ' - y “*) 

+ iv  • G^+y'-y»‘  - y«*  - y’  + y'+y-*) 

= (T  + 'J'+T"  +6^  + V- (?+o'-a'’-an  . (48) 

I 

; 

i 
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Considering  Eq.  (32),  we  see  that  the  'J-  . a'-  , cr*-  , and  o**- 
integrations  in  Eq.  (47)  can  all  be  performed.  Thus  we  obtain  the  result 
that 

c,  {S.t';T)  = (■^)*  J. . . J <C  <K(  dT. . . dt- 


X W^(T;v/R)  W^(t';v/JE^)  Wj(‘6*;-nJ/R)  (6 ‘^;-v/R) 


X exp  ( -ik 


, 6 • "z  6 * "z* 


exp  (2  i k T a • v) 


X exp  j’-ik^j.  (6  + 6 '+ 6 "+ 6 '^1  • (49) 

; ^ To  further  reduce  this  expression,  we  introduce,  to  replace  the  (S.  6 6 6 

variables,  the  corresponding  sum  and  difference  coordinates,  namely 

^ p=i(S+t')  ; q = 6-‘6' 

p'=i(T'+6-’)  ; 

I 
[ 

Using  these  coordinates,  we  can  rewrite  Eq.  (49)  as 

C,(z.5';t)  = 0»  J...|d?d7dp  d?'  d5dq' 


X W^(i?  + iq;^/R)  W^(?.^q;v/R) 

X W^(p'+iq--^/R)  W^(?'-^q';-v/R) 


(50) 

(51) 


If  now,  in  analogy  with  Eq.  (32),  we  define  the  W^-function  by  the  expression 


W3(q:^;0)  = r dp  W^(p+tq:^)  W^(p 

X exp  (-  i k0  • p) 


(53) 


then  we  can  rewrite  Eq,  (52)  in  the  form 


X exp 


| + q---l  tZikTS-vj 


(54) 


Making  one  more  transformation  to  sum  and  difference  coordinates, 
namely, 


s = i (q  + q')  : A = q -q' 


(55) 


and  defining  the  W^-function  by  the  expression 


W3(a:0;0, 0';*)  = f dE  (e +^a:^:0)  W3(2 - 

X exp  ( - i k \ji  • E) 


(5  6) 
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we  can  rewrite  Eq.  (54)  as 


C,  d;r  dS  d^ 

X tA;  14+  2r)  + " i) 

X exp  {-i^ikj'^+j^A)*  F+^'i^)*F]] 


X exp  (2  ikr  a*^) 


(57) 


which  we  can  reduce  to  the  form 


X exp  |'-iikA-f|r  -|:)  + 2ikTa*vj 


(5b) 


This  is  as  far  as  we  can  proceed  with  the  evaluation  of  the  point 
statistics  without  some  explicit  expression  for  , from  which  we  can 

evaluate  W , W , and  W,  . In  the  next  section  we  shall  consider  just 
such  an  explicit  form  for  — but  first,  before  closing  this  section, 

we  note  that  our  expression  for  I , as  given  by  Eq.  (35),  is  susceptible 
to  some  further  reduction  in  terms  of  the  W^-function  which  we  defined 
in  Eq,  (53).  Comparing  Eq.  's  (35)  and  (53),  and  noting  from  Eq.  (32) 
that  W^fg;^)  H Wj(-f  ;^)  , we  see  that  we  can  write 


I (z,  t)  = P 


k? 


64naR«  ® 


W,(0;0:-?) 


(59) 
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With  Eq.  's  (58)  and  (59)  in  hand,  we  now  take  up,  in  the  next  section,  the 
evaluation  of  these  statistical  quantities  with  having  an  explicit  form. 


4.  6 ^valuation  With  a Gaussian-Taper  Aperture 

It  would  be  nice  if  we  could  evaluate  Eq.  's  (58)  and  (59)  with 
corresponding  to  a circular  aperture,  with  unity  transmission  inside  the 
aperture  and  zero  transmission  outside  the  aperture.  Unfortunately,  this 
would  involve  us  with  mathematically  intractable  expressions.  To  allow  us 
to  develop  closed  form  results  for  the  random  backscatter  statistics,  we 
shall  assume  that  the  aperture  amplitude  transmission  function  has  a gaussian 
taper  with  standard  deviation  a • Thus  we  write 

WQ(y)  = ejq)  (-j^  y*/o*)  • (^>0) 

With  this  form  for  , we  shall  be  able  to  develop  analytic  expressions 

for  ^ ^ ^3  » thus  for  the  statistical  functions  I and 

We  start  by  noting  that  in  accordance  with  Eq.  (26),  we  can  write 

= j*  dy  exp  (-y®/o*) 

00 

= 2tt  C y dy  exp  (-y*/o*) 

o* 

00 

= TT  o®  j*  d (y3/(j2)  exp  (-y^/o^) 
o 

= TT  0®  • 

Making  use  of  Eq.  (60),  we  see  that  Eq.  (32)  can  be  rewritten  as 
^(6;^)  = J ®xp  [-^  (["s +^^|2+ t"? - ^'?|2)/a2  - ik^-'s]  . (62) 

We  note  that  we  can  rewrite  the  exponent  in  Eq.  (62)  in  the  form 

2 sa  + i 6*  + 2 iko* 

^ 2 cjS 
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2(b^  +ikqa  ^ kgg^ea)  + 4 k»a*9s  6" 


i kac»0*  -i  (6 /a)® 


By  means  of  a simple  change  of  the  variable  of  integration,  it  can  be  shown 


J dt  exp  (-  = J exp 


2tt  J s ds  exp  (-s*/^^) 


= n a®  J d(sa/o*)  exp  (-s^/o®) 


so  that  it  then  follows  that 


= TT  a®  exp  (-i  ka  0^  e»  - i 6^/c^) 


Starting  with  Eq.  (53)  and  substituting  in  Eq.  (65),  we  obtain  for 


Wg  the  expression 

W3(q;^;?)  = (tt  o®)=  J d^  exp  r-^kagae^-^  I P.l ^5 1^.  1.P  ~ T 

- i k • p') 

/ 

The  algebraic  manipulations  associated  with  Eq.  's  (63)  and  (64)  are 
applicable  here,  as  in  Eq.  (62),  and  lead  to  the  result  thal 

W,(q;?;?)  = 2 (naa)3  exp  [ ka  g*  (93 + ^a)  . | qS/^aj 


2' 


Proceeding  in  exactly  the  same  way  for  the  evaluation  of  Wg  .as  given 
in  Eq.  (56),  we  obtain  the  result  that 


W(2;T;?,  exp  [*  ^keo*  (2  e» +0» 2 A*/o»]  • (68) 

3' 


If  we  substitute  Eq.  's  (61)  and  (67)  into  Eq.  (59).  we  get 


where  as  a matter  of  convenience  for  later  work  we  have  rewritten  the 
argument  of  T as  d instead  of  t , and  we  have  dropped  the  implied 
t-dependence  in  I , since  the  right-hand- side  is  manifestly  independent 
of  t . (We  recall  from  Eq.  (2)  that  & = -"z/F  . ) 

Our  basic  problem  at  this  point  is  to  evaluate  C,  , as  defined  in 
Eq.  (58),  using  the  expression  for  given  in  Eq.  (68).  Substituting 

Eq.  's  (61)  »ad  (68)  into  Eq.  (58),  we  get 

X 16  exp  l|r^2||»+||r  +2|p 


X exp  [ ^ + 2ikT  a- vj 

- 40, /zr;? 


x|j<c,xp[.*k.o.(|i+2ir  + iF+2ti*)]} 

X dv  exp  [ -1^  o®  (v/R)P  + 2 i k T o •^]| 

x{j'dI«p[.^(i)'.JikJ.(l-i')]}  . ,70) 

Each  of  the  three  integrals  in  Eq.  (70)  can  be  evaluated  separately,  in  each 
case  by  completing  the  square.  Thus  we  write 

--  1^ 

^ "‘iSpa 

= +4ik-S.  (?'-?) -4k3o»  +4kaaa  p] 

= - i 1^  +2ika(?'-?)|®-ikaoa|?'-?|®  , (71) 

from  which  it  follows  that 

= { J exp  [-i  (^)*]}  exp  (-ik-oe 

= 16  TTo®  exp  (-ik®  0®  ) . (72) 

Similarly,  we  write 

4.  = -k>o»(^)%2lkT3.5 
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kacT*(v/H)*-2ikT  a-v 


from  whiuh  it  follows  that 


cr*  ('*  / RF  + 2 i k T a • 


Finally,  we  write 


I 


i i 


= -4  ka  a*  ||  + i (I  4')l*  - o»  || -1^1* 


(75) 


from  which,  making  use  of  Eq.  (2),  we  can  write 


J*‘^exp[--ikaa»(||+2||3  + if-'  + fp)] 


= jj*  dj  exp  |^-4kaoa^^j  Jj.  exp  (-i  k^aa 

= (-i 


(76) 


With  these  results  in  hand,  namely  Eq.  's  (72),  (74),  and  (76),  we  can  now 
rewrite  Eq.  (70)  as 


pakOaiop  2 

C,(^,^-;t)  = (-ikSo-l^'+^P) 


X 16tt  o*  exp  (-Akaa»|?'-tfP) 


ka  / 


(• 


X i"  (-^J  «P  (-ikXo'U'-Jp) 


6»k*aep  3 

1024  R*F~*  (|f>'+i>|a  + 2 l^'-^P)] 


X exp  [-(RTo/aPl 


(77) 


Making  use  of  Eq.  (69).  we  can  rewrite  Eq.  (77)  as 


C,(i>,^';t)  = I C?)T(^')  exp  (-^k8c^  l^'-^pexp  [-(Rra/aP]  , (78) 
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where,  as  a matter  of  future  convenience,  we  have  replaced  the  (z.'z*) 
arguments  of  by  (tf,  iJO  arguments. 

Our  basic  results  at  this  point  are  contained  ih  £q*  's  (69)  and  (78). 

These  give  the  point  statistics  of  intensity  fluctuations  for  the  diffuse  back- 

- i 

scatter.  We  note  that  the  point  statistics  have  a normalized  variance  of  • 

unity.  We  take  this  as  confirming  the  fact  that  the  diffuse  radiation  Is  ex- 
ponentially distributed,  i.  e.  , it  corresponds  to  an  electromagnetic  field  -*< 

phasor  with  a gaussian  random  amplitude  and  a phase  distributed  uniformly  i 

over  0 to  2tt  . We  shall  use  this  insight  into  the  signal  statistics,  to-  i 

gether  with  the  first  and  second  moment  values  of  Eq.  's  (69)  and  (78)  to 
define  our  simulation. 


Chapter  5 


Introduction 


5.  1 

In  Chapter  4 we  examined  the  focal  plane  statistics  for 
the  diffuse  signal  backscattered  from  a laser  spot  transmitted  onto  a rough 
surface.  We  developed  expressions  for  the  mean  value,  I(i>)  , and  the 
covariance,  *',t)  for  the  diffuse  backscattered  intensity  at  angular 

positions  ? and  in  the  focal  plane,  with  the  origin  of  the  ? and 
coordinate  systems  corresponding  to  the  nominal  location  of  the  laser  spot 
as  projected  onto  the  focal  plane.  Here  t is  the  temporal  separation  of 
the  time  of  the  two  measurements.  Based  on  the  assumption  that  the  trans- 
mitter/receiver aperture  had  a gaussian  taper  with  the  amplitude  trans- 
mission function  being 

Wo(y)  = exp  (-^  y*/<j*)  , (1) 

we  showed  there  that  the  expected  random  backscatter  signal  power  density 
at  position  ^ in  the  focal  plane  can  be  written  as 

lU)  = I^  exp  [-^(kaP  , (2) 

where  1^^  is  a constant  determined  by  various  system  and  engagement 
parameters,  and  that  the  covariance  of  the  power  density  at  positions  ^ 
and  measured  at  instants  separated  by  a period  t can  be  written  as 

=!(;?)  10')  exp  [-^(2-1/3  ka)*  |?->|»] 

X exp  [-1(21/8  R a/ a)=  t3]  , (3) 

where  a is  a rotation  rate,  and  R is  the  range  to  the  rough  surface 
target.  Based  on  consideration  of  these  results  and  of  certain  general 
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principles,  it  was  argued  that  the  diffuse  return  power  density  obeyed 
an  exponential  probability  distribution. 


f , 
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In  this  report,  starting  with  a consideration  of  thpse  results,  we 
shall  first  define  a focal  plane  array  to  be  used  in  sensing  the  backscatter 
return.  We  shall  then  develop  information  on  the  power  density  to  be 
associated  with  the  backscatter  from  a glint  point.  Using  this,  together 
with  the  diffuse  return  statistics,  we  shall  then  define  the  nature  of  the 
detector  array  output  and  define  an  algorithm  for  computer  simulation  of 
the  array  output. 


5.2 


I 

I 

I 

■1 

I 
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I 

I 

I ■ 

' 
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Focal  Plane  Array  Definition 

We  note  from  Eq.  (3)  that  the  spatial  correlation  range  for  the 
random  backscattered  signal  power  density  on  the  focal  plane  has  a cor- 
relation range  of  21/8/ (ka)  . Accordingly,  we  argue  that  over  a square 
region  of  size  [l/(ko)]  by  [l/Cka)]  . the  power  density  is  essentially 
uniform  at  any  instant,  and  has  an  average  value  at  any  instant  equal  to 
the  value  at  that  instant  at  the  center  of  the  element.  Based  on  this  con- 
sideration, we  consider  square  detector  elements  of  angular  size  ® by  ® , 
where 

®=l/(ka)  , (4) 

to  adequately  finely  sample  the  focal  plane  power  density.  Accordingly, 
we  define  a focal  plane  sensor  array  consisting  of  close  packed  square 
elements  of  angular  size  ® by  ® . We  consider  the  array  to  be  four  by 
four.  This  produces  16  outputs  which  we  shall  process  to  determine  the 
location  of  the  diffuse  laser  spot. 


I 

i 


As  a practical  matter,  in  our  simulation  we  shall  assume  that  the 
output  from  each  detector  may  be  equated  (to  within  a scaling  factor)  to 
the  power  density  at  the  center  of  the  detector  element.  For  the  20  X 20  detector 
elements,  the  coordinates  of  the  centers  are 


^1.3  ^ ^0-®)  ® . (j-10.  5)©', 


i = 1.2.3. 
j = 1,2.3. 


20 

20 


(5) 


where  we  use  the  notation  j = (9,  >9^)  to  denote  an  angular  vector  with 
components  0^  and  0^  along  the  x-axis  and  y-axis.  (We  note  that  unlike 
our  previous  usage,  here  we  use  x and  y to  denote  the  two  components  of 
the  focal  plane /field-of-view  two-dimensional  coordinate  system.) 

To  make  our  coordinate  system  explicit,  we  consider  in  writing 
Eq.  (5)  that  the  center  of  the  array  corresponds  to  the  origin  of  the  coordinate 
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system.  Thus  if  the  diffuse  laser  spot  is  centered  at  ? , where 


^0  = - ®y.oJ 

= (Pfe  ® . ''p  0) 

then  the  average  diffuse  signal  from  each  of  the  detectors  in  accordance 
with  Eq.  (2)  will  be 

^(i.j)  = I^  exp[-^(kaP|?p-^,,jP] 

The  quantity  represents  times  the  appropriate  scale  factor  to 
relate  the  power  density  at  the  center  of  the  detector  element  to  the 
detector  signal.  Making  use  of  Eq.  's  (4)  and  (5),  we  can  rewrite  Eq.  (7) 


Sp(i.j)  = I,  exp  -(i-10.5)]2 +[vp  -(j-10.5)]M)  • (8) 

The  covariance  associated  with  the  diffuse  signal  from  the  (i,  detector 
with  respect  to  the  (i',  detector  can,  in  accordance  with  Eq.  (3),  be 


written  as 


CpCi,  j:i'.  j'lr)  = S^(i  , j ) S.  (i',  j') 


X exp  {-i  [(i-i'P+(j-j')=]} 
X exp  [-^(t/T)8] 


where 


21/3  Ra 


is  the  correlation  time. 


- 138  - 


With  these  expressions  in  hand,  we  now  turn  to  a consideration 
of  the  expected  focal  plane  power  density  to  be  associated  with  a glint 
point  on  the  target.  After  this,  we  will  be  able  to  consider  the  problem 
of  simulating  the  composite  set  of  signals  from  the  array  of  detectors. 


5.3 


Glint  Return 


We  consider  a glint  point  located  at  some  position  on  the  target. 
Based  on  the  target  surface  curvature  at  that  point  and  the  strength  of  the 
laser  spot  (side-lobe)  illumination  of  that  point,  the  glint  will  appear  as  a 
point  source  of  some  amplitude,  . This  amplitude  does  not  vary  with 

time,  except  perhaps  as  target  rotation  may  shift  the  location  of  the  glint 
point..*  Using  the  formulation  developed  in  the  previous  report,  we  can 
write  for  the  amplitude  of  the  glint-induced  focal  plane  power  density 


U,  (5)  = - ^ u I -ly 


exp  {ik[^(5^  , y)  + y(y,'z)]  + i 0y(y)} 

-y)  5(y>'z) 


(11) 


where  W^fy)  , the  aperture  amplitude  transmission  function,  is  given  by 
the  expression 


Wo(y)  = exp  (-^  y2/o3) 


(12) 


the  path  lengths,  yf  and  ^ , are  given  by  the  expressions 


O 

^ x_®  ^ • y 

^ R + 75;  + 2R  ■ R~ 


(13) 


g:(y,^)  « F + 


y^ 

2F  2F 


y • z 


(14) 


where  R and  F are  the  range  to  the  target  and  the  optics  focal  length. 


♦ A glint  point  is  a point  where  the  target  surface  is  normal  to  the  line- 
of-sight.  Accordingly,  rotation  of  the  target  relative  to  the  line-of- 
sight  can  shift  the  location  of  the  glint  point  on  the  target  and  thus  can 
also  change  the  curvature  at  the  glint  point  — as  a consequence,  chang 
ing  the  amplitude,  , of  the  return. 


- 140  - 


respectively,  and  0^  , the  optics  induced  phase  shift  at  the  aperture, 

which  results  in  the  target's  being  in  focus  at  the  focal  plane,  is  given 
by  the  expression 


0p(y)  = kya{R-i  + F-i) 


Making  use  of  Eq.  's  (13),  (14),  and  (15),  we  can  rewrite  Eq.  (11) 


as 


ik 


= Idyw„(y) 


RF 


The  glint-induced  focal  plane  power  density  can  be  written  as 

= i |u«CS)l  = 

(where  ^ - -^/F  is  the  angular  coordinate  associated  with  focal  plane 
position),  which  using  Eq.  (16)  can  be  rewritten  as 

k y* 


exp  [ik(y-y')-^-^ 


R2Fa 


Recalling  from  our  previous  work  that 

Wj6 ) = J + ^6 ) Wo  (^  - ^l) 

and  transforming  to  sum  and  difference  coordinates  in  the  double  integral 
of  Eq.  (18),  we  obtain  the  result  that 


' (d^)’  I ■«  "if'*  p’' '•(!-» 


(15) 


. (16) 


(17) 


(18) 


(19) 


(20) 


Making  use  of  £q.  (12),  we  can  easily  show  that 


W^(6)  = TT  o®  exp  63/c3») 


so  that  Eq.  (20)  can  be  rewritten  as 


+ ik"?*  0^  -^)] 


where  ?|.=3^/R  is  the  angle  associated  with  the  location  of  the  glint  point. 
Completing  the  square  in  the  exponent,  we  can  write 


<J  = - i (6  /ct)®  + i h 6 • (^q  - ?) 

= - i C{6/a)2  - 4 ikT-  (?,-?)  - 4(ka)8  .?|8  + 4(ka)2 

= - i |(6/a)-2ika(?,-?)|>-(ka)2 


This  allows  us  to  rewrite  Eq,  (22)  with  a constant  added  to  the  variable 
of  integration,  as 


!,(?)  = exp  [-(ka8) 

X J d"?  exp  [-i  (6/ct)2] 


Since 


r d^  exp  [-i  (6 /a)®]  = 2n  !'  6 d6  exp  [-i(6/c)*] 

o 

» 

= 4tt  0®  f d[l  (6/a)2  ] exp  [ -i  (6/o)»  ] 


-■  4TT  ry® 
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then  it  follows  from  Eq.  (24)  that 


i 


!„(?)=  Is (0)  exp  C-(ka)=  . (26) 

where 

Taking  note  of  the  fact  that  Ig(?)  varies  only  rather  slowly  over  the 
area  of  a detector  element,  compared  to  its  value  at  the  center  of  the  element, 
we  argue  the  practicality  of  using  the  value  at  the  center  of  the  detector  as 
a measure  of  the  glint-induced  detector  signal.  Thus  we  write  for  the  glint- 
induced  detector  signal  for  the  (i,j)*^  detector 

Se(i>j)=lB  [-  (^<7)^  l^e ‘^1,  jl®l 

= Ig  exp  - (i-10.5)]2  + [ve  - {j-10.5)]2  3 J . (28) 

where  1^  is  related  to  lg(0)  by  the  detector  area  integration  factor, 
and  ,Vg)  denote  the  glint  point  location  in  units  of  0 according  to 
the  relationship 

i?g  = (p,g  ® . Vq  @)  • (^"^^ 


With  Eq.  's  (7),  (9),  and  (28)  in  hand,  we  are  now  ready  to  consider 
‘ the  task  of  generating  signals  simulating  the  detector  output.  This  is 

j treated  in  the  next  section. 

! 

I 


We  desire  a simulation  which  will  produce  a set  of  sample  values 
for  the  output  of  each  of  the  20  X 20  elements  in  the  array.  We  denote  these 
output  values  by  9^{i,j;n)  , where  (i,j)  denote  the  detector  element,  and  . 
n denotes  the  time,  t , according  to  the  equation 


t = n At 


(30) 


We  shall  arbitrarily  choose 

At  = T/4  , (31) 

where  T , according  to  Eq.  (10),  is  the  correlation  time  for  the  diffuse 
radiation.  We  recognize  that  this  choice  of  At  may  not  match  the  require- 
ments of  a larger,  more  extensive  simulatioti,  but  argue  that  in  acv.ord- 
ance  with  Eq.  (9),  the  correlation  of  the  randomly  fluctuating  diffuse  signal 
is  good  enough  over  the  period.  At  , that  interpolation  to  a finer  time 
scale  should  be  straightforward,  and  accordingly  we  plan  to  run  the  signal 
generation  simulation  considering  only  the  time  increment.  At  . 

We  now  take  note  of  the  fact  that  the  diffuse  signal  power  density 
apparently  obeys  an  exponential  distribution,  so  that,  because  of  the  high 
correlation  of  the  diffuse  signal  over  a single  detector  element,  we  can 
consider  the  diffuse  contribution  to  the  detector  output  to  also  obey  an  ex- 
ponential distribution.  This,  in  turn,  implies  that  the  actual  random  vari- 
ables are  two  orthogonal  independent  gaussianly  distributed  random  vari- 
ables, one  of  the  orthogonal  components  being  in  phase  with  the  glint  and 
the  other  90°  out  of  phase.  Thus  we  would  associate  with  »^(i,  j:n)  the  two 
independent  gaussian  random  amplitudes,  A||(i,j;n)  and  Aj^(i,j;n)  , with 
the  glint  return  associated  with  the  amplitude  A^.  (i,  j;n)  . The  random 
diffuse  signal  would  be  ^ [ A,,  (i,  jm)]^  + 1 [ A j^(i,  j;n)]  , to  be  equated  with 

"Sp  and  Cp  , and  the  glint  signal  would  be  ^[Ag  (i,  jjn)]®  , to  be  associated 


with  S . However,  because  of  interference  between  the  diffuse  and 

Q 

glint  returns,  which  in  practice  results  in  a composite  signal  obeying 
Rician  statistics,  we  would  write  for  the  detector  output 

^(i,  j;n)  = ^ [A||(i,  j;n)  + Ag  (i,  j;n)]®  + ^[Aj^(i,  j:n)]2  . (32) 

Our  simulation  problem  thus  reduces  to  choosing  A||  , A^^  , and  A^  so 
that 

Se  (i.  j)  = Is  10*  5)  ] ® + [ Vg  - (j-10.  5)  ] ^ ] y 

= ^ [-^6 

Sg(i,j)  exp  (-i{[ng-(i-10.5)]2  + [v,  - (j-lO.S)]^}) 

= ^ {([A„(i.j;n)]3>  + <[Aj^(i,j;n)P>}  , (34) 


and 


Q (i.j.i'.rm)  = S.  (i,j)  s.  (i^r)  exp  {-i[(i-i')a+(j-j')=]  - ^ n2}  , (35) 


with  the  additional  condition  that 


<[A||(i,j;n)]3>  = <[A^(i,j;n)]3> 


(36) 


Our  basic  problem  is  the  satisfaction  of  Eq.  (35),  particularly  the 
exponential  portion  of  the  right-hand  side.  To  accomplish  this,  we  con- 
sider two  three-dimensional  arrays  of  gaussian  random  numbers,  r||(i,  j;n) 
and  rj^(i,j;n)  , each  having  zero  mean  and  unity  standard  deviation,  and 
each  element  being  independent  of  all  other  elements.  Thus  we  can  write 
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<r„(i.j:n)  r,!  (i',  j'jnO)  = 6(j,j')  6(n,n')  , (37) 

j;n)  rj^(r,  = 6(i,i')  6(j,  j')  6(n,n')  , (38) 

<r||(i,  j;n)  rj^(i',  j';n')>  = 0 , (39) 

where  the  6(i,i')'like  terms  are  Kronecker  deltas,  equal  to  unity  if  the  two 
arguments  are  identical,  and  equal  to  zero  otherwise.  We  form  as  a weighted 
sum  over  these  random  arrays  the  terms 

A||(i.j;n)=^  r||(i-i'.  j-j':n-n') 

1 '•  r.  n' 

^ exp  [-1  (i'a  + j'a  + ^ n'®)]  , (40) 

and 

Aj^(i,j:n)  = ^ r j^(i-i‘',  j-j'’;n-n') 

r.  s'f»' 

X exp  [-i  (i'a  + j'3+  i n'8)]  . (4I) 

If  we  define  the  quantity  ^ (i,  j;n)  by  the  expression 

(i.  j;n)  = ^ [A„(i,  j:n)]3  + ^[Aj^(i,  j;n)]3  , (42) 

then  making  use  of  Eq.  's  (40)  and  (41),  we  can  write 

,^(i.j;n)  = ^ ^ -[exp  [-i(pa  + p'a +q3+q'3  + | ma  + i m'3)] 

P • <!•  ■ 

p q » uf 

X [r„(i-p,  j-q;n-m)  r,,  (i-p',  j-q';  n-m') 

+ r^(i-p,  j-q:n-m)  rj^(i-p',  j-q';n-m')]j.  . (43) 
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We  note  that  the  average  value  can  be  written  as 


^ {exp  [ -^(p?  + p'»  + q®+q'*  + ^m«  + ^m'»)] 


P • 4tt 

V',  4',  ■' 


X 2 6(p,p')  6(q.q')  6(m,m')3 


= ^ ejq)  (p®  + q*+ |nna)] 


Treating  the  summation  as  siifficiently  fine  scaled  with  respect  to  the 
exponential  function  that  it  can  be  replaced  by  an  integration,  we  can 
write  in  place  of  Eq,  (44) 

+ 00 

<4  (i.  j;n)>  = J.fJ  dp  dq  dm  exp  [ (p®  + q®  + |m»)] 


= JJJ  dp  dq  dm  exp  {-^  [p®+ q®+ (m/Za'®)®]} 


= (2TT)i/a(2nF®  (2tt  23)i/® 


= 8Tt3'* 


Thus  if  we  write 


^(i,j;n)  = exp  {[^^b  - (i-2.  5)]®  + [v^  - (j-2.  5)]®  } ) 


^ (i*  j;n) 


then  manifestly  Eq.  (34)  will  be  satisfied  if  we  use  (i,  j;n)  to  denote  the 
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diffuse  signal  produced  from  the  (i,j)**'  detector  at  time  . 


To  consider  whether  this  will  also  satisfy  Eq.  (35),  we  define  the 
covariance  function 

Co  (i.  (i,  j;N)  - (i,  j;N))] 

X (i'.  j';N-n)  - <^  (i'.  j';N-n)>]>  . (47) 

Making  use  of  Eq.  (45),  this  can  be  recast  in  the  form 


+ qa  + q'a  + q"'8  + q^a  + | (m8  + m^a  + m^a  + m-*-*)]  ] 

X {<r,((i-p,  j-q;N-m)  r |,  (i-p',  j-q';N-m') 

^ r,|(i'-p^,  j'-q-';N-n-m*')  r,,  (i'-p^*  , j'-q^;N-n-m*')> 

+ 2 <r||(i-p,  j-q;N-m)  r j,  (i-p' , j-q';N-m') 

X rj^(i'-p',  f- q';N-n-m-’)  r j^(i' - p-*- , j'- q-»;N-n-m*0> 

+ <rj^(i-p,  j-q;N-m)  r ^^(i-p' , j-q' ;N-m') 

X rj^(i'- p-,  q^;N-n-m*)  rj^(i'-p-',  j'-q'*;N-n-m--)>}l  . (49) 


The  first  and  third  ensemble  averages  in  Eq.  (49)  give  rise  to  the  following 
Kronecker  delta  functions,  namely 


6(p,p')  6(p'',p'^)  6(q,q')  6{q'',q'^)  6(m,m')  6(m-',m'^) 

+ 6(p-i+i',p‘^  6(p'- i+i'.p^)  6(q-j+j' , q")  6(q' - j+j'.  q" ) 

X 6(m-n,m‘*’)  6(m'-n,m‘*') 

+ 6(p-i+i',p'*’)- 6(p'- i+i'.p")  6(q-j+f,q^)  6(q'-j+f,q^) 

X 6{m-n,m‘**^  6(m'-n,m*’)  , 

while  the  second  ensemble  average  gives  rise  to  the  much  less  complex 
Kronecker  delta  function,  namely 

6(p,p')  6(p'',p'')  6(q,q')  6(q'',q'^  6(m,m')  6(m',m^)  . 

If  we  insert  these  Kronecker  delta  functions  into  Eq.  (49)  in  place  of  the 
ensemble  averages,  and  carry  out  the  six  trivial  summations,  we  obtain 
the  result  that 

Cp  (i,  j:i',  j':n)  + 64Tr3  = i ^ |4  exp  [ [pa  + p'»  + q2  + q'«  + 1 (ma  - m'a)]  } 

p f • 

p ^ n' 

+ 2 exp  {-i  [pa  + p'a+ (p-i+i')8+ (p>-i+i')a 
+ qa  + q'a  + (q-j+j')a+  (q'-j+j')a 

+ ^ ma  + |m'’a  + |(m-n)a+|(m'-n)a]} 

+ 2 exp  {-i[p8  + p'a+ (p.i+i')a+ (p'.  i+i')a 
+ qa  + q'a+(q.j+j')S+{q'.j+j')3 
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in'*  + ^ (m  - n)*  + ^ (m'  - nH])} 


We  note  that  the  multiple  sum  over  the  first  exponential  in  Eq.  (50) 
can  be  rewritten  as  the  product  o£  two  equivalent  sums,  each  identical  to 
the  final  form  of  Eq.  (44).  Hence,  considering  Eq.  (45),  we  see  that  the 
double  sum  over  the  first  exponential  in  Eq.  (50)  can  be  replaced  by  64  , 

cancelling  the  64  rra  on  the  left-hand- side  of  that  equation.  We  further  note 
that  the  two  other  exponentials  in  Eq.  (50)  are  identical,  and  moreover  note 
that  the  multiple  sum  can  be  split  into  the  product  of  two  identical  parts. 
Thus  we  get  from  Eq.  (50) 


Cp  (i.  j;i'.  j';n)  = ^ exp  [p»+ (p-i+i')P 

P>  4f  ■ 

+ q*+  (q-j+j1P  + ^ m»  + |f(m-n)a 


Completing  the  squares  in  the  exponent  of  Eq.  (51),  we  write 


p»+  (p-i+i')*  = 2 pa  - 2 p(i-i')  + (i-i')* 


= 2 [p8  -p(i-i')  + ^ (i-i')a  -i  (i-i')»]  + (i-i*)* 


= 2 [p-i(i-n]a+^(i-i')a 

q*+  (q-j+j'F  = 2[q-i  (j -)')]» + ^ (j-f)* 

ma+(m-n)a  = 2 (m-^  n)*  + ^n* 

I 

5 
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Again  arguing  that  we  can  approximate  the  summation  by  an  inte- 
gration, and  making  use  of  Eq.  's  (52),  (53),  and  (54),  we  can  rewrite 
Eq.  (51)  as 

C^(i,j:i',r;n)  = jexp  {-i  (i-i')»  + i (j-jO"  + ^ ]} 

+ 00 

X JJJ  (i-iOP 

-00 

The  triple  integral  in  Eq.  (55)  can  be  cast  in  a form  identical  to  Eq.  (45), 
indicating  that  it  can  be  replaced  by  8 . Thus  we  obtain,  in  place  of 

Eq.  (55),  the  expression 


^0  (i.  j':n)  = 64tt3  exp  {-i[(i-i')a+ (j-j')*] 

Comparing  this  expression  with  Eq.  (35),  we  see  that  with  the  normali- 
zation implied  by  Eq.  (46),  the  expression  for  (i,  j;n)  defined  there 
would  behave  exactly  as  we  would  wish  the  diffuse  return  alone  to  behave. 

To  incorporate  the  glint  contribution  and  take  proper  account  of 
normalization,  we  would  work  with  the  detector  signals  ^(i,  j;n)  as  de- 
fined by  Eq.  (32).  The  normalization  will  be  achieved  by  letting  A||  , 

Aj^  , and  A^  have  the  following  values 


^11  - (i-  10.5)]2  + [Vp  - (j-10.5)]2  } ^ 


X A,,(i,j:n) 
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Ai(i.  j;n)  = (-^)  exp  (-i  {[V-o  -(i-10.  5)  ]«  + [ v,  - (j-10.  5)  ]»  ] ) 


X AJi,j;n) 


i\,(i.j;n)  = (2I,F»  exp(-i{l*^-(i-10.5)p  + [v,  -(j-10.5)]M)  • (59) 


Eq.  *8  (32),  (40),  (41),  (57),  (58),  and  (59)  completely  define  the 
basis  for  generation  of  the  time-varying  outputs  of  the  16  detectors,  in 
conformance  with  expected  spatial-temporal  statistics,  except  that  Eq.  's 
(40)  and  (41),  involving  as  they  do  infinite  summations,  are  not  practical 
for  a simulation.  To  get  around  this  problem,  we  note  that  the  exponen- 
tials provide  a basis  for  rapid  truncation  of  the  series.  If  y/e  restrict  the 
summations  to  i'=-5  to  +5  , j''=-5  to  +5  , and  n'  = -16  to  +16,  we  would  be 
dropping  terms  whose  weighting  factors  are  equal  to  1 xl0~^  or  less. 
Accordingly,  we  write,  in  place  of  Eq.'s  (40)  and  (41), 


o D AV 

|(i,j:n)  = ^ ^ ^ r|,(i-i',j-j';n-n') 


1^-8 


X exp  [-^  (i'®  + j'*  + ^n«] 


5 8 


ij^(i,j;n)  = ^ ^ ^ rj^(i-i',  j-j';n-n') 


l'»-B  ya-8  n'*-ie 


X exp  (i'®  + j'®+|n'*)] 


We  note  that  since  i and  j are  restricted  to  the  range  1 to  20,  i-i^ 
and  j-j'  are  each  restricted  to  the  range  -4  to  25  (a  tptal  of  30  elements 
by  30  elements).  The  range  of  n is  from  zero  to  infinity,  and  thus  the 


1 
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range  of  n-n'  is  from  -16  to  infinity.  To  simplify  the  computation 
of  the  A||(i,j;n)  and  Aj^(i,j;n)  terms,  we  suggest  the  computation  of  the 
intermediate  terms 

le 

B,|(p,q;n)=  ^ r „ (p,  q:n-n‘’)  exp  (-^  n'*)  , (62) 

n«  -16 

16 

Bj^(p,q;n)  = ^ r j^{p,  q:n-nO  exp  (-  ^ . (63) 

n'=  - 16 


Then  we  can  write 


5 

A||(i,j;n)=  V B,|  (i-i',  j-j';n)  exp  [ -i  (i'S  + j'®)]  , (64) 


5 

Aj^(i,j;n)  = ^ Bj^(i-i',  j -j';n)  exp  [ -i  (i'®  + j'®)]  . (65) 

lM'=-5 


In  the  computer  simulation,  we  would  start  by  generating  a string 
of  33  values  of  r||  and  of  rj^  for  each  of  the  (30)®  values  of  (p,q)  be- 
tween (-4  and  25  ) by  (-4  and  25)  . We  would  assign  those  33  values  to 
"time  slots,"  n-n' , numbered  -16  to  +16  . We  would  then  evaluate  each 
of  the  (30)®  corresponding  values  of  B||  and  Bj^  using  Eq.  's  (62)  and 
(63)  with  n = 0 . These  (30)®  values  of  B||  and  of  B^^  would  then  be 
substituted  into  Eq.  's  (64)  and  (65)  for  i and  j taking  the  (20)®  values 
from  (1  to  20)  by  (1  to  20)  . Using  Eq.  's  (57),  (58),  and  (59),  and  then 
Eq.  (32),  we  would  generate  the  (20)®  values  of  »^(i,  j;n)  for  that  time 
instant. 
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To  advance  to  the  next  time  instant,  we  would  shift  the  (30)®  values 
of  r||  and  of  one  time  slot,  i.  e.  , (30)®  x33  values  would  have  to  be 
shifted.  Of  these,  (30)®  would  be  shifted  out  of  the  (-16  to  16)  array  at 
one  end,  and  a new  set  of  (30)®  random  values  would  have  to  be  supplied 
at  the  other  end.  With  these  values  of  r||  and  r , we  could  then  repeat 
the  procedure  of  the  preceding  paragraph  (still  retaining  n = 0 in  Eq.  's 
(62)  and  (63).  The  end  product  would  be  a new  set  of  (20)®  detpctor  signals 
corresponding  to  the  output  a time  At  later.  This  procedure  can  now  be 
continuously  cycled  to  generate  the  time -dependent  sequence  of  outputs. 


6.  1 Introduction 


In  this  chapter,  we  wish  to  take  up  the  problem  of  simulating  the 
random  laser  backscatter  signal  as  it  would  be  sensed  in  a high  energy 
laser  weapon  satellite -to- satellite  engagement.  We  assume  a shared 
aperture  transmitter/receiver  with  a two-dimensional  receiver  focal 
plane  array  and  a gaussian  tapered  aperture.  At  the  target,  yre  assume 
an  extensive,  diffusely  scattering  surface  with  a single  glint  point,  not 
necessarily  located  at  the  intended  aimpoint.  We  assume  that  the  weapon 
system  is  able  to  sense  the  apparent  position  of  the  aimpoint,  and  that 
some  sort  of  servo  control  system  adjusts  the  pointing  of  the  transmitter/ 
receiver  with  respect  to  this  position.  This,  in  conjunction  with  target 
motion,  servo  design  considerations,  laser  bias  (and  bias  estimates),  and 
the  effect  of  the  speed-of- light  round-trip  transit  time  delay,  resvilts  in  a 
laser  miss  distance  (or  position  of  the  laser  spot  on  the  target)  and  the 
associated  laser  backscatter  signal.  This  position  of  the  laser  spot  pn 
the  target  is  well-defined,  but  unfortunately  is  not  necessarily  the  desired 
aimpoint. 

With  the  engagement  situation  thus  defined,  we  wish  to  establish  a 
basis  for  calculation  of  the  randomly  fluctuating  laser  backscatter  signal. 
The  demonstration  of  a valid  simulation  of  the  detector  signals  in  this  case 
is  the  subject  of  this  chapter. 

The  theoretical  basis  for  such  a simulation  was  generated  in  the  two 
previous  chapters.  In  fact,  in  the  latter  of  these  reports,  the  general 
principles  for  the  simulation  and  the  supporting  equations  for  the  simulation 
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were  explicitly  developed.  With  one  minor  change  to  allow  treatment 
of  a larger  detector  array  than  was  treated  there,  we  will  be  able  to  use 
those  results  here  in  their  original  form. 


The  kinematics  of  the  engagement,  including  the  high  bandwidth 
servo  control,  have  been  modeled  in  Chapter  2.  We  shall  use 
the  sinulation  program  developed  there  as  the  overall  structure  on  which 
we  shall  "build"  the  current  simulation,  using  that  simulation  to  provide 
all  of  the  angular  and  spatial  position  information  and  all  line -of -sight 
orientation  data,  as  well  as  accommodating  the  speed-of-light  ro\md- 
trip  transit  time  delay  effects. 

In  the  next  section,  we  will  briefly  review  the  features  of  this 
kinematics  simulation  and  along  with  that  define  the  optical  system  para- 
meters. The  section  after  that  will  review  the  philosophy  of  simulation 
of  the  random  laser  backscatter  signal  generation  and  present  the  per- 
tinent formulas.  The  section  after  that  will  describe  the  pertinent  as- 
pects of  the  full  computer  simulation.  The  final  section  will  present 
some  sample  runs  and  discuss  special  features  in  these  results. 

It  is  to  be  remembered  that  this  simulation,  like  all  those  that 
have  preceded  it,  is  just  a building  block  leading  to  a complete  simulation 
of  closed  loop  laser  pointing  bias  control  system.  The  simulation  we  are 
presenting  in  this  report  does  not  attempt  this  bias  control  function.  How- 
ever, the  backscatter  signal  it  provides  will  be  the  basis  for  estimating 
the  pointing  error  (even  in  the  presence  of  a glint  point),  and  thus  will 
allow  us,  in  the  next  chapter  , to  demonstrate  the  full  closed-loop 
laser  pointing  bias  control  function. 


(.  2 System  and  Engagement  Parameters 

Our  engagement  is  specified  in  terms  of  a set  of  coordinates  and 
velocities  for  the  target  satellite  and  for  the  laser  weapon  satellite  — 
each  defined  in  a hypothetical  "absolute"  (rectangular)  inertial  coordinate 
space.  To  accommodate  relativistic  effects,  we  shift  to  an  inertial  co- 
ordinate system  fixed  in  the  laser  weapon  satellite.  In  this  coordinate 
system,  the  target  satellite  appears  at  some  range,  moving  with  some 
uniform  linear  velocity.  The  laser  weapon  system  senses  the  apparent 
position  of  the  target  aimpoint  and  commands  the  gimbals  so  that  the 
shared  aperture  optics  see  the  aimpoint  as  appearing  at  or  very  near  the 
center  of  the  receiver's  field-of-view. 

The  apparent  position  of  the  target  aimpoint  is,  however,  not  the 
"current"  actual  position,  but  rather  the  position  of  the  target  aimpoint 
a time  R/c  ago.  Here,  R is  the  range,  and  c is  the  speed  of  light. 

This  is  accomplished  in  the  simulation  with  ^ push-down  data  stack  that 
stores  previous  target  position  data.  Each  time  that  apparent  target 
position  information  is  required,  the  data  stack  is  assessed  to  see  where 
the  target  was  a time  R/c  ago,  and  this  is  used  to  calculate  the  apparent 
target  position.  Each  simulation  time  increment,  the  actual  target  position 
is  updated  and  the  information  is  placed  at  the  top  of  the  push-down  data 
stack. 

Using  the  difference  between  the  apparent  target  position  and  the 
direction  defined  by  the  center  of  the  receiver's  field-of-view  as  the  track- 
ing error,  the  servo  system  calculates  a gimbal  pointing  correction  and 
the  gimbal  orientation  is  appropriately  updated.  This  gimbal  orientation 
is  combined  with  any  applicable  laser  bias  to  define  the  deviation  of  the 
transmitted  laser  beam.  This  transmitted  laser  beam  direction  informa- 
tion is  entered  into  a second  push-down  stack. 

To  determine  the  nature  of  the  backscattered  laser  signal  at  any 
instant,  the  two  push-down  data  stacks  are  assessed  at  time  R/c  ago  for 
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the  target  position  information,  and  at  time  2 R/c  ago  for  the  transmitted 
laser  beam  direction.  (These  time  delays  exactly  account  for  the  speed-of- 
light  transit  time  delays  involved.  ) With  this  information,  we  can  calcu- 
late where  the  laser  beam  struck  the  target  relative  to  the  aimpoint. 

Knowing  where  the  laser  beam  was  incident  on  the  target  at  the 
time  when  the  backscatter  signal  which  we  are  now  receiving  was  pro- 
duced, and  knowing  where  the  target  aimpoint  appears  in  the  receiver's 
field-of-view,  we  can  then  calculate  the  position  in  the  receiver's  field- 
of-view  where  the  laser  would  appear  to  be  striking  the  target  surface. 

To  the  extent  that  the  diffuse  scattering  of  the  laser  beam  from  the  tar- 
get surface  indicates  the  laser  position,  this  will  be  the  center  of  the 
location  of  the  diffuse  scattering  as  seen  in  the  receiver's  field-of-view. 

In  addition  to  this  diffuse  scattering,  there  may  also  be  some  laser 
backscatter  signal  associated  with  a glint  point  on  the  target.  The  glint 
point  position  is  specified  in  terms  of  its  position  relative  to  the  target 
aimpoint.  Knowing  this  displacement  and  knowing  the  (R/c)  delayed  posi- 
tion of  the  target  aimpoint,  we  can  then  calculate  the  position  of  the  glint 
point  as  seen  by  the  shared  aperture  sensor.  The  strength  of  the  glint- 
induced  portion  of  the  backscattered  laser  signal  is  dependent  on  some 
inherent  measure  of  the  glint  region  multiplied  by  the  laser  flux  density 
falling  on  the  glint  point.  This  laser  flux  density  can  be  calculated  from 
the  difference  between  the  apparent  positions  of  the  glint  point  and  the  point 
where  the  laser  beam  (center)  strikes  the  target,  each  as  seen  by  the  shared 
aperture  receiver. 

The  shared  aperture  optics  correspond  to  a gaussian  tapered  trans- 
mission telescope  aperture.  By  means  of  some  sort  of  T/R  switch,  this 
telescope  is  used  both  to  transmit  a laser  beam  and  to  receive  radiation 
from  the  target.  The  telescope  adjustment  is  assumed  to  be  such  that  the 
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laser  beam  (which,  in  its  transmitted  form,  has  the  same  gaussian  taper) 
is  focused  on  the  target.  Similarly,  this  telescope  adjustment  causes  a 
focused  image  of  the  target  to  fall  on  the  receiver  focal  plane.  The  receiver 
can  be  considered  to  consist  of  twc  focal  planes  dividing  the  received  signal 
via  a dichroic  beamsplitter.  One  of  these  two  focal  planes  senses  the  tar- 
get image  and  from  this  determines  the  target  aimpoint  position  and  the 
tracking  error.  Exactly  how  this  focal  plane  is  organized,  how  it  fui^ctions , 
and  even  the  matter  of  what  wavelengths  it  operates  at  are  matters  of  no 
concern  to  us  here.  We  simply  assume  that  it  is  capable  of  producing  tar- 
get aimpoint  information,  and  that  it  is  perfectly  registered,  via  the  dichroic 
beamsplitter,  with  the  second  focal  plane. 

The  second  focal  plane  is  the  one  we  shall  be  particularly  concerped 
with.  It  senses  the  backscattered  laser  signal,  and  it  is  from  the  informa- 
tion that  it  produces  that  we  shall  ultimately  attempt  to  determine  the  laser 
position  on  tiie  target.  Hereafter,  when  we  speak  of  tiie  shared  aperture 
receiver  focal  plane,  we  shall  have  this  unit  in  mjnd.  The  focal  plane  con- 
sists of  a square  array,  20  X 20  of  square  elements.  The  center  of  this 
array  corresponds  to  the  center  of  the  shared  aperture  sensor's  field-of- 
view. 


I 


I 


The  shared  aperture  has  a gaussian  taper  such  that  its  amplitude 
transmission  f\inction  varies  as  exp  y*/cj^)  • Thus  a is  a measure 
of  the  radius  of  the  aperture.  (If  we  were  to  define  the  aperture  in  terms 
of  the  e“i  intensity  levels,  the  aperture  diameter  would  be  2a  .)  Opera- 
ting with  a laser  wavelength  X , and  optical  wave  number  k - 2tt/X.  , we 
may  take  (ka)"*-  as  a measure  of  the  aperture's  diffraction  spread.  The 
individual  detector  elements  are  defined  as  having  an  angular  subtense  equal 
to  (ka)"^  , thus  matching  their  resolution  fairly  closely  to  that  of  the  laser 

beam  transmission  process. 


i 
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I .1 


The  two-dimensional  detector  array  is  assumed  to  be  organized 
along  the  previously  introduced  5 and  Tj  axes.  (These  axes  are  defined 
to  be  unit  vectors  each  perpendicular  to  the  direction  of  u^  , the  unit 
vector  that  defines  the  centerline  of  the  receiver's  field-of-view.  They 
are  mutually  perpendicular  and  | is  also  perpendicular  to  the  gimbal 
system  polar  axis,  z .)  For  convenience,  we  shall  measure  apparent 
angular  position  in  focal  plane  array  coordinates,  (n,v)  • With  a 20x20 
detector  array,  the  center  of  the  sensor  field-of-view  (corresponding  to 
the  gimbal  orientation  unit  vector,  ^ ) lies  at  the  intersection  between 

the  10*"  and  11*"  detectors,  horizontally  and  vertically.  Thus  the  ((x.v) 
coordinates  of  the  center  of  the  detector  just  above  and  to  the  right  of  the 
array  center  is  <Vi>  , while  that  of  the  center  of  the  detector  just  above 
and  to  the  left  of  the  array  center  is  (-§»^)  . If  the  angle  vector  = 
denotes  the  angular  position  of  a point  in  space  relative  to  the 
center  of  the  sensor's  field-of-view,  then  the  {n,,  v)-coordinates  of  that 
point's  image  would  be  (ka  , ka  . 

We  have  previously  shown  that  if  ? is  the  angular  separation  be- 
tween the  apparent  position  of  the  point  where  the  laser  beam  strikes  the 
target,  and  some  position  defined  by  a point  of  interest  on  the  focal  plane, 
then  the  diffuse  laser  backscatter  intensity  will  vary  as  exp  [ -^  (ko)®  |?|®  ] . 
If  we  let  (pp  , Vg)  denote  the  apparent  position  where  the  center  of  the 
(delayed)  laser  beam  strikes  the  target,  and  let  1^^  be  a measure  of  the 
diffuse  backscatter  peak  intensity,  then  the  diffuse  intensity  of  a focal 
plane  position  (y,,v)  will  be 


I,(^L,v)  = 1^  exp  {-I  [(p-^xp)®+(v-v^)®]} 


(1) 
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Though  we  have  not  previously  worked  it  out  in  detail,  it  is  easy 
to  show*  that  the  laser  beam  power  density  at  the  target  falls  off 
exp  { -[ko/R)x]®  } . Recognizing  that  (x/R)  represents  an  angle,  in  this 

case  the  angular  separation  between  the  laser  spot  center  and  the  position 
of  the  glint  point,  we  can  write  for  the  glint  strength 

I.  =i,o + . (2> 

where  denotes  the  position  in  the  focal  plane  of  the  image  of  the 

glint  point.  The  quantity,  ^ is  a measure  of  the  combined  glint  strength 
(proportional  to  the  product  of  the  local  radii  of  curvature)  and  the  laser 
power  density.  It  represents  a peak  possible  value  of  glint  strength,  cor- 
responding to  when  the  laser  beam  center  is  coincident  with  the  glint  point. 
The  actual  glint  strength  at  any  time  is  really  , as  given  by  Eq,  (2). 

The  glint  return  appears  to  come  from  a point  source  (as  distinct  from  the 
extended  source  for  the  diffuse  return)  and  so  at  the  laser  backscatter  sen- 
sor focal  plane,  the  intensity  at  focal  plane  positions  (^i,v)  is 


IgCp-.v)  = I9  exp  ^-[(^i-^J.9)“+ (v-v^)a  ]} 


(3) 


♦ This  can  be  accomplished  by  considering  Eq. 's  (19)  and  (60)  of  Chapter  4. 
With  appropriate  substitution,  we  find  that  the  laser  amplitude  at  posi- 
tion X on  the  target,  at  range  R is  proportional  to 


J dy  exp  [-iky  • (x/R)]  exp  (-^  y*/o^) 

Noting  that  when  we  complete  the  square 

k ® 

we  see  that  the  amplitude  is  proportional  to  exp 
From  this,  it  follows  that  the  intensity  is  proportional  to  exp  f-  j 
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Making  use  of  Eq.  's  (1),  (2),  and  (3),  we  see  that  if  we  can  calculate 
the  apparent  position  of  the  laser  spot  (at  the  place  where  it  strikes  the  tar- 
get) and  of  the  glint  point,  each  in  terms  of  where  it  appears  on  the  focal 
plane,  then  we  can  calculate  the  glint  and  diffuse  backscatter  intensities  at 
any  point  in  the  focal  plane.  The  calculation  of  the  apparent  positions  of  the 
glint  point  and  of  the  diffuse  spot  center  follow  in  a straightforward  manner 
from  our  previous  modeling  of  the  basic  engagement  and  gimbal  servo  in 
Chapter  2. 


We  let  the  gimbal  orientation  unit  vector,  which  defines  the  direction 
associated  with  the  centerline  of  the  backscatter  sensor's  f ield-of-view,  be 
denoted  by  u^  , and  let  the  target  aimpoint  position  be  defined  by  a range 
vector,  r^  . K is  a vector  denoting  the  displacement  between  the  tar- 
get aimpoint  and  the  glint  point,  then  the  unit  vector  defining  the  direction 
from  the  shared  aperture  receiver  to  the  glint  point  will  be 


U, 


61 


(4) 


Similarly,  if  d^^^  is  a vector  denoting  the  distance  by  which  the  laser  beam 
missed  the  target  aimpoint,  then  the  unit  vector  defining  the  direction  from 
the  shared  aperture  receiver  to  the  point  where  the  laser  spot  struck  the 
target  {to  produce  the  diffuse  return)  will  be 


U. 


(5) 


The  backscatter  sensor's  focal  plane  coordinates  are  defined  by  the  two  unit 
vectors  | and  T)  , corresponding  to  the  focal  plane  ^i,  and  v coordinates, 
respectively.  Thus  we  can  calculate  the  focal  plane  coordinates  of  the  appar- 
ent position  of  the  glint  point  as 


1 
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^ =(V-V*  5 


(6a) 


V,  = (Ugt  -(\)  • • (6b) 

Similarly,  for  the  apparent  position  of  the  center  of  the  laser  spot  on  the 
target,  we  can  write 

“»  ■ ■ 5 • 

^ M4.-4.)-  T|  ■ <7b) 

With  Eq.  's  (6)  and  (7)  to  tell  us  where  the  glint  and  diffuse  return 
sources  would  appear  to  be  centered  on  the  backscatter  sensor's  focal 
plane,  and  with  Eq.  's  (1),  (2),  and  (3)  to  tell  us  how  the  two  types  of  back- 
scattered  energy  are  distributed  about  their  centers,  we  are  now  ready 
to  consider  the  problem  of  detailed  simulation  of  the  randomly  fluctuating 
backscatter  return.  We  take  up  the  problem  of  how  to  generate  a simula- 
tion of  this  random  return  in  the  next  two  sections.  In  the  next  section,  we 
review  the  statistical  properties  we  require  of  our  simulated  backscatter 
return.  The  section  after  that  explains  how  we  accomplished  the  simulation. 
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6.  3 Synopsis  of  the  Required  Backscatter  Statistics 

From  our  previous  work,  we  know  that  the  laser  backscatter  signal 
intensity  incident  on  any  point  (any  detector)  in  the  sensor  focal  plane  will 
obey  a Rician  distribution,  and  that  this  Rician  distribution  can  be  considered 
to  be  composed  of  two  components  added  coherently.  Of  the  two  components, 
the  first  has  a non- random  intensity  and  corresponds  to  the  glint  return,  as 
defined  by  Eq.  (3).  The  other  component  has  an  intensity  that  fluctuates 
randomly,  in  accordance  with  a Rayleigh  distribution.  Its  average  intensity 
is  as  defined  by  Eq.  (1). 

Since  a Rayleigh  distributed  random  variable  with  intensity  Ip(yi,,v) 
corresponds  to  a pair  of  independent  random  amplitudes,  A||  and  , 
each  with  a zero  mean  gaussian  distribution  and  standard  deviations 

a,  = <{A|,)a)i/a  = <(A/>/3  , (8) 

such  that 

a*  = . (9) 

We  may  view  the  glint  return  as  being  due  to  a constant  amplitude, 

Ag  , which  gives  rise  to  the  glint  intensity  Ig(iJi,v)  according  to  the  equation 

v)  = ^ [A^(p,,  v)]a  . (10) 

Then  the  Rician  distribution  random  intensity,  I , is  simulated  by  form- 
ing the  gaussian  random  variable,  A||  and  A^^  , and  then  writing 

I(p.tv)  = ^ {[A||(p,v)  + Ag(|i,  v)]a+ [Aj,j.,  v]®  } . (11) 
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Our  problem  thus  reduces  to  finding  a way  to  generate  the  gaussian 
variables  Ajj  and  . 

The  generation  of  these  two  random  variables  is  complicated  by 
the  fact  that  not  only  must  they  each  be  a gaussian  random  variable,  but 
that  they  must  also  each,  separately,  conform  to  certain  spatial  and  tem- 
poral covariance  considerations.  To  accommodate  these  constraints,  we 
have  previously  found  it  convenient  to  introduce  the  quantities  A||  and  Aj^  , 
and  generate  a full  two-dimensional  time-varying  array  of  these  quantities, 
a pair  for  each  of  the  20  x 20  detectors  in  the  sensor  focal  plane  array. 

£ach  of  these  pairs  will  have  zero  mean  value  and  the  same  standard  de- 
viation. If  the  standard  deviation  is  a , i.  e.  , 

5 = 

then  we  would  write 

A||  = (ff^/ a) 

A^  = (a,/5)A^  • (14) 


It  is,  of  course,  to  be  understood  that  not  only  are  X||  , Aj^  , and  Ay  , Aj^ 
two-dimensional,  20  x 20  , time-varying  arrays,  but  that  as  used  in 
Eq.  's  (13)  and  (14)  is  also  a two-dimensional,  20  X 20  , (but  not  time-varying) 
array. 

To  discuss  the  spatial -temporal  statistics  of  and  A^^  , it  is 
convenient  to  first  make  explicit  the  spatial  and  temporal  dependence. 
Measuring  focal  plane  position  in  units  of  (ko)"’-  , i.e.  , in  the  (m.,v)  co- 

ordinate system,  and  measuring  time  in  units  of 


T 


4 


= i 

4 


g 

21/a  R 


(15) 
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i.  e.  , denoting  the  time  t by 


n = t/T^  . (16] 

where  a in  Eq.  (15)  is  the  angular  rate  of  rotation  of  the  target  surface 
normal  with  respect  to  the  line-of- sight  from  the  laser  to  the  target,  we 
would  write  the  diffuse  intensity  as  Ip(p,,v;n)  . We  have  shown  in  Chapter  5 
that  the  spatial  temporal  covariance  function  for  the  diffuse  intensity 
should  be 


Cp  (p.,  p,',v,  v';n,n')  = <[]^  (p.,  v;n)  - <1^  (p,,v;n)>] 

X exp  {-i[(p.-p.')=+  (v-v')*]} 

= (p..v)  (p,',v')  exp  [- ^(n-n‘’)3]  , (17 

where  1^  (p.,v)  is  to  be  understood  as  the  mean  value  of  the  diffuse  inten- 
sity at  focal  plane  position  (y,,  v)  — specified  by  Eq.  (1).  Our  task  in 
developing  the  spatial -temporal  random  variables  A^|(p,,v;n)  and  Aj^(p,v;n) 
is  to  insure  that  if  we  write 

(k*.v;n)  = ^ {[A,|(p,,v;n)]a+ [Ajp,,  j;n)]a  } , (18 

then  (p,,v;n)  will  have  the  statistics  required  by  Eq.  (17),  with  A^|(p,,  v;n) 
and  Aj^(p,,v;n)  each  having  a zero  mean  value,  being  statistically  indepen- 
dent, and  having  the  same  statistical  nature.  In  the  next  section,  we  show 
how  this  can  be  done. 
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6.  4 Generation  of  the  A-Quantities 

As  suggested  in  an  earlier  report,  in  view  of  the  gaussian  nature 
of  the  spatial  and  the  temporal  correlation  functions  in  Eq.  (17),  we  wish 
to  develop  results  for  A which  have  nearly  equivalent  gaussian  correla- 
tion functions.  We  showed  that  this  could  be  accomplished  if  we  generated 
a spatial-temporal  array  of  statistically  independent  zero  mean,  unit 
variance  gaussian  random  variables,  r||(p,v;n)  and  rj^(,i,v;n)  , and 
formed  the  sums 

A„(vi.v;n)=^  ^ ^ r „ v ';n') 

^1,'  v'  n' 

X exp  {-i  [(^i-p')3+  (v-v')»]  - ^ (n-n')»} 

Aj^(n,v;n)=V  ^ V rjti',v';n') 

\i.'  V'  n' 

X exp  [-i  ')*'+(  V-V')»]  - s 3 . (20) 


where  the  sums  on  \i.'  , , and  n'  are  each  from  -a,  to  +®  . It  can  be 

shown  that  this  definition  of  the  A's  will  result  in  Eq,  (17)  being  satisfied. 

It  is  thus  basically  no  more  difficult  to  generate  the  set  of  sp3ti3,’!y-temporally 
correlated  gaussian  random  variables  A^|  and  Aj^  than  it  is  to  generate  the 

statistically  independent  set  of  gaussian  random  variables  r,,  and  r^  — 

for  which  there  are  standard  computer  procedures. 

Taking  note  of  Eq.  (12),  we  can  evaluate  by  making  use  of  the 
fact  that  the  r's  are  zero  mean,  unit  variance,  and  statistically  indepen- 
dent. From  these  facts,  it  follows  that 


J 
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(21) 


” Z Z Z C ^ ')®  + (v- V (n-n')*  ] . 

V*  ' V ' n' 

Approximating  these  infinite  summations  by  integrations,  so  that  the 
three  same  sums  turn  into  three  gaussian  integrations,  each  from 
to  +00  , which  we  can  perform  with  trivial  effort,  we  get 

5*  (2n)i/a  (2tt)i/s  (16tt)i/2 

= Sua'a  . (22) 


Thus,  combining  Eq, 's  (1),  (9),  and  (22),  we  can  rewrite  Eq.  's  (13)  and 
(14)  as 


A||(P',v,n)=  exp  {-i  [(p-^ip)a  + (v-Vp)a]}  A„(^.,v;n)  , (23) 


A^{ti.v;n)  = exp  {-i  [(,x-n,)3+ (v-v^)a]}  A^{^,v;n)  . (24) 


As  a practical  matter,  it  is  reasonable  to  limit  the  summations  in 
Eq.  (19)  and  (20)  to  a range  of  ± 5 around  ki.  and  v for  the  u,  - and  v 
summations,  respectively,  and  to  ±16  around  n for  the  n'- summation. 
Compared  to  a peak  exponential  weighting  factor  of  unity,  the  terms  thus 
dropped  all  have  weighting  factors  less  than  exp  [-i  (±5)3]  = 1.93  xlO-3  , 
or  than  exp  (±16)®]  = 3.35x10“*  . With  these  truncated  summations, 

it  is  convenient  to  rewrite  Eq.  's  (19)  and  (20)  as 

5 5 16 

(^1,  v;n)  = y ^ ^ (p-p,',  v-v';n-n') 

p,>=.5  v'=-5  n'=-16 

X exp  {-i  [(M.')a+ (v')3]  - ^ (n')8]  , (25) 
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5 5 16 

A,(^.v;„)=^  I I 

u'=-5  v'=-5  n'=-16 

X exp  {-i  [(Vi')»+{v')»]  -^(n')*}  . (26)  | 

( 

Eq.  's  (25)  and  (26)  are  directly  suggestive  of  a method  of  generating  the 
A's  in  a computer  program  in  a time -varying  manner. 


f 


If  we  desire  a 20  X 20  array  of  values  of  the  A , we  start  with 
a three-dimensional  storage  array  (20  + 2x5)  X (20  + 2X5)  X (1  + 2x16) 

= 30  X 30  X 33  in  size.  Consider  this  array  to  be  organized  as  a "push- 
down" stack,  i.e.  , at  each  time  increment  we  push  the  values  stored  in 
the  array  down  one  level  in  the  33  dimension.  The  data  stored  in  the 
bottom  level,  i.e.  , the  33^*^  level,  is  pushed  out  while  new  data  is  intro- 
duced in  the  first  level.  There  are  two  push-down  stacks,  one  filled  with 
the  r||-values  and  the  other  with  the  r^-values.  Each  time  cycle,  i.e.  , 
every  time  the  actual  clock  time  in  the  simulation  increased  by  T^  , the 
data  stacks  would  each  be  pushed  down  one  and  new  sets  of  30  x 30  gaus- 
sian  random  values  would  be  added  at  the  top  of  each  stack.  With  the 
data  thus  stored  in  the  stack,  it  is  a straightforward  matter  to  then  im- 
plement Eq.  's  (25)  and  (26)  to  calculate  the  A- values.  The  fact  that  mostly 
the  same  r-values  are  used,  with  (slightly)  different  weighting  factors,  to 
calculate  the  various  A- values  insures  the  desired  spatial  correlation.  The 
fact  that  mostly  the  same  r-values  will  also  be  used  after  the  push-down 
process  to  calculate  the  A-values  at  different  times,  again  with  (slightly) 
different  weighting  factors,  results  in  the  desired  temporal  correlation. 


Our  computer  simulations  for  the  generation  of  the  A-values,  and 


work  with  a spatial  array  (I  = 1 to  20)  X (J  = 1 to  20)  . To  apply  the 
above  results,  we  simply  note  that  I corresponds  to  ►*  + 10.  5 , and 
Jtov  + 10.  5,  In  the  next  section,  we  discuss  the  results  of  a set 
of  computer  rims  generated  with  these  programs. 
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6.  5 Sample  Results 


To  exercise  the  random  laser  backscatter  signal  generation  program 
and  subroutines  listed  in  the  appendix,  we  ran  a series  of  engagements  and 
took  as  computer  outputs  the  20  x 20  array  of  random  intensities  generated 
by  the  backscattered  laser  signal  on  the  receiver,  focal  plane  array.  In  all 
cases,  the  shared  aperture  size  corresponded  to  a = 1.  0 m , and  the  laser 
wavelength  was  \ = 1,  0 X 10-*  m (i.  e.,  k = 6.28X10®)  . In  the  first  three 
cases,  we  considered  a target  starting  at  1.0  Mm  range  and  closing  at  a 
rate  of  1x10*  m/sec  , with  a crossing  velocity  of  50  m/sec  . The  track- 
ing data,  which  we  list  in  Table  1,  is  the  same  for  all  three  cases.  The 
tracker  utilizes  an  f^  =100  Hz  servo  bandwidth. 

As  can  be  seen,  by  about  time  t = 0.030  sec  after  tracking  starts, 
the  tracking  error  has  settled  in  to  very  near  its  asymptotic  value.  {The 
very  small,  apparently  random,  tracking  error  variations  beyond  this  time 
are  almost  entirely  due  to  computer  round-off  errors.  ) This  time  for  the 
apparent  tracking  error  to  settle  to  its  asymptotic  value  can  be  considered 
to  be  composed  of  three  parts.  First,  there  is  a time  R/c  after  time 
t = 0.  0 before  the  track  error  sensor  gets  any  target  position  data.  Second, 
there  is  a time  of  the  order  of  2/f,  for  the  servo  transients  to  die  out. 

Third,  there  is  a time  2 R/c  that  must  elapse  before  the  effect  of  fully 
stable  tracking  can  be  seen  at  the  receiver  as  a stable  laser  miss  distance. 
Thus  the  total  time  delay  is 

T = 3 R/c  + 2/f-  . (27) 

0 3 

Until  this  much  time  has  elapsed,  the  laser  spot  will  "wander"  over  the 
target  and  there  is  no  particular  interest  in  the  statistics  of  the  backscattered 
laser  intensity  pattern. 


With  a crossing  velocity  of  Vj^  = 50.  0 m/ sec  and  a range  of 
R = 1.0x10®  m for  a perfectly  stabilized  target,  the  target  surface  will 


rotate  with  respect  to  the  line-of-sight  with  an  angular  rate 


a = yjR  = 5.0x10-6  rad/i 


(28)  i 


so  that  in  accordance  with  Eq.  (15),  the  quarter  correlation  time,*  , 


^4 


♦ “ 21/3x1.0x106x5x10-6 


= 3.5355x10-3 


Accordingly,  in  Tables  2,  3,  and  4,  we  took  printouts  of  the  20  X 20  array 


every  four  milliseconds.  Results  are  shown  for  the  time  interval  from 


t > T to  t = 0.  1 sec  . 


Backscatter  signal  results  are  shown  in  Tables  2,  3,  4 (and  5,  6) 
as  ten  plus  the  logarithm  (to  the  base  ten)  of  the  intensity,  but  with  all 
negative  values  set  to  zero. 


Printed  Value  = 


10  + log  [I  {\i,  v;n)]  , 


if  I(p,,v;n)  s l.OXlO"*® 
, if  I(|j,,v;n)  < 1.0x10-1° 


The  difference  between  the  data  in  Tables  2,  3,  and  4 concerns  the  speci- 


fied glint  point  strength,  I 


In  all  cases  1^  = 1.0  . For  Table  2, 


I.  . = 0.  0 ; for  Table  3,  I = 100  ; and  for  Table  4,  I . = 10,  000.  In 

OfO  (3^0 


all  three  cases,  the  glint  point  was  taken  as  being  coincident  with  the 


aimpoint. 


Tables  5 and  6 correspond  to  essentially  the  same  case  as  Table  2, 


i.  e.  , Ig  ^ =0.0  , except  that  the  crossing  velocities  are  = 100  m/sec 


♦ The  correlation  time  is  more  properly  taken  to  be  4 T^  , rather  than 
simply  T^  . 


and  200  m/sec  , respectively.  Accordingly,  the  values  of  are 
1.7678x10-3  sec  and  0.8839  sec  , respectively.  To  properly  show  the 
temporal  dependence  in  Table  4,  we  show  the  detector  array  output  every 
two  milliseconds,  and  in  Table  5,  we  show  the  output  every  one  millisecond. 
Although  data  was  generated  for  the  entire  period  from  t ^ 0.03  sec  to 
t = 0.  10  sec  , in  each  case  we  show  only  the  first  18  pages  of  output. 

In  each  of  the  pages  of  Tables  2,  3,  4,  5,  and  6,  we  have  drawn 
a pair  of  crossed  lines  to  define  the  and  |i-axes  on  the  focal  plane,  with 
the  intersection  of  the  lines  defining  the  center  of  the  focal  plane.  (The 
horizontal  line  corresponds  to  the  |-axis. ) The  position  of  the  laser  spot 
is  shown  by  the  shaded  ellipses  (in  all  cases  on  the  left  half  of  the  page). 

The  open  ellipsis  indicates  the  position  of  the  target  aimpoint  and  of  the 
glint  point  location,  when  appropriate.  (In  all  cases,  this  is  on  the  right 
half  of  the  page.  ) 

Interpretation  of  the  data  in  Tables  2-6  is  straightforward.  The 
presence  of  the  glint  point  is  clearly  manifested  by  the  very  large  signal 
return  in  the  vicinity  of  the  glint  point  location  in  Tables  3 and  4.  The 
average  value  in  each  case  is  in  good  agreement  with  that  defined  by  Eq.  (2). 
(There  are  small  fluctuations  due,  in  part,  to  the  added  random  return 
and,  in  part,  to  a small  amount  of  laser  spot  jitter  associated  with  com- 
puter round-off  error  in  the  tracking  process.  ) The  results  listed  in 
Tables  2 to  6 can  be  shown  to  satisfy  the  statistical  considerations  we 
have  previously  pre sented. 

With  this  ability  to  accurately  simulate  the  laser  backscatter  signal 
as  seen  by  the  receiver  detector  array,  we  are  now  ready  to  take  up  the 
problem  of  determining  the  laser  spot  position  from  the  backscatter  signal 
and  closing  a boresight  error  control  servo  loop  with  this  information. 

We  shall  take  this  up  in  the  next  chapter. 


I 


Table  6.1 

Target  Tracking  Kinematics 

These  results  correspond  to  the  engagement  of  Tables  2,  3,  and  4, 
Rg  =1.0  Mm  , = l.Ox  10*  m/sec  , Vj^  = 50  m/sec  . 
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Table  6.2 


Laser  Backscatter  Detector  Array  Outputs 
For  Vj^  = BO  m/sec  and  1^  = 0.  0 

Results  are  shown  as  a 20  k 20  array  (corresponding  to  the  detector 
array),  every  4 m/sec.  The  actual  laser  spot  position  as  imaged 
on  the  array  is  indicated  by  • The  glint  point  position 

corresponds  to  the  aim- point  and  is  shown  as  li'g  i ''q  • The 
entries  are  spaced  a distance  AiJ-  = 1.0  and/or  Av  = 1.0  apart 
with  the  four  central  detectors  at  ( jj.  , v ) = ( -0.  5 , -0.  5 ) , 

( -0.  5 , 0.5),  ( 0.  5 , -0.5),  and  { 0.  5 , 0.  5 ) [corresponding 
to  lower  left,  upper  left,  lower  right,  and  upper  right  corners, 
respectively]  . The  horizontal  line  corresponds  to  the  5 - axis 
on  the  focal  plane  and  the  vertical  to  the  "ri  ■ axis.  Their 
intersection  defines  (p.,v)  = (0,  0).  The  shaded  ellipses 
indicates  the  laser  spot  position  while  the  open  ellipses  shows 
the  aim-point  position. 
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Table  6.  3 


Laser  Backscatter  Detector  Array  Outputs 
For  = 50  m/sec  and  Iq  ,o  “ 

Results  are  shown  as  a 20  x 20  array  (corresponding  to  the  detector 
array)  every  4 m/sec  . The  actual  laser  spot  position  as  imaged  on 
the  array  is  indicated  by  Pg  i Vp  • The  glint  point  position  corresponds 
to  the  aim-point  and  is  shown  as  > Vq  • '^be  entries  are  spaced  a 
distance  Ap  = 1.0  and/or  Av  = 1.0  apart  with  the  four  central  detectors 
at  ( p . V ) = ( -0.  5 , -0.  5 ) , ( -0.  5 . 0.  5 ) . ( 0.  5 . -0.  5 ) . ^nd 
( 0.  5 , 0.  5 ) [corresponding  to  lower  left,  upper  left,  lower  right,  and 
upper  right  corners,  respectively]  , The  horizontal  line  corresponds 
to  the  ^ - axis  on  the  focal  plane  and  the  vertical  to  the  Tj  - axis  . 

Their  intersection  defines  (p  , v)=(0,0).  The  shaded  ellipses 
indicates  the  laser  spot  position  while  the  open  ellipses  shows  the 
aim-point  (as  well  as  the  glint  point),  position. 
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Table  6.4 


Laser  Backscatter  Detector  Array  Outputs 
For  Vj^  = 50  m/sec  and  Iq  = 10,  000  . 

Results  are  shown  as  a 20  X 20  array  (corresponding  to  the  detector 
array)  every  4 m/sec  . The  actual  laser  spot  position  as  imaged  on 
the  array  is  indicated  by  pj,  , Vq  . The  glint  point  position  corresponds 
to  the  aim-point  and  is  shown  as  > Vq  . The  entries  are  spaced  a 
distance  /ip  = 1.0  and/or  Av  = 1.0  apart  with  the  four  central 
detectors  at  ( p , v ) = ( -0.  5 , -0.  5 ) , ( -0.  5 , 0.  5 ) , ( 0.  5 , -0.  5 ) , 
and  ( 0.  5 , 0.  5 ) [ corresponding  to  lower  left,  upper  left,  lower  right, 
and  upper  right  corners,  respectively]  . The  horizontal  line  corresponds 
to  the  I - axis  on  the  focal  plane  and  the  vertical  to  the  ‘Tj  - axis  . 

Their  intersection  defines  (p,  v)=(0,  0).  The  shaded  ellipses 
indicates  the  laser  spot  position  while  the  open  ellipses  shows  the  aim- 
point  (as  well  as  the  gling  point),  position. 
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Table  6.5 


Laser  Backscatter  Detector  Array  Outputs 
For  Vj^  = 100  m/sec  and  I,  ^ ^ = 0.  0 

Results  are  shown  as  a ZO  X 20  array  (corresponding  to  the  detector 
array)  every  2 m/sec.  The  actual  laser  spot  position  as  imaged  on 
the  array  is  indicated  by  Pg  , Vg  . The  glint  point  position  corresponds 
to  the  aim-point  and  is  shown  as  entries  are  spaced  a 

distance  Ap  = 1*0  and/or  Av  = 1.0  apart  with  the  four  central 
detectors  at  ( p , v ) = ( -0.  5 , -0.  5 ) , ( -0.  5 , 0.  5 ) , ( 0.  5 , -0.  5 ) , 
and  (0.5  , 0.5)  [corresponding  to  lower  left,  upper  left,  lower  right, 
and  upper  right  corners,  respectively]  . The  horizontal  line 
corresponds  to  the  | - axis  on  the  focal  plane  and  the  vertical  to 
the  ^ - axis  . Their  intersection  defines  (p  , v)  = (0.0)  . The 
shaded  ellipses  indicates  the  laser  spot  position  while  the  open 
ellipses  shows  the  aim- point  position. 


- 209  - 


Table  5 - Continued 


ooosQn)^a4^'^««v'eiAf^9ao*3 


uoo  »/'/'«••-•  ^••^ii/'cjcicino 

r3'5oo'3'rt»»»^  >■*’»•  y a n .y 


rsaoooo  !/'■«•»>  ^•♦-•ooooo 


3 o o a u L)  <3  -4  u ''t  :3  ^ •'I  n <j  a a ly 

'^'33 '3 ^'i3r>r»r»i3 


e 


*•4 


a 3oo9ao'j‘'*4«>«r04>^'"aaa3nr>  o oooaua«*-3.9>.*au>>«p«ou903 

a ••♦••#•••••••#••••••  a 

oo'^oooo'N<*^^'»^**^i»«r*oooo*3  ooooorj»*'f*^*«i*^»'*A»»»oooooo 


VOOOOOOO^  OK  mMUCIOOOOO 
0<3900‘300«w'«*^0<93ano9o 

ai3f9n'700'300'3n»33'3'»»3000 

WWWWWOWWWhJUWWWWWh^WUW 

»9e^'3oe’OC'r»o*^C'ej^c'e'e^«r'ori 

oeoooenoeaeoaooooeno 


aooouoa«««««9»'«t«aooaooo 
oo'aoeoo^i^  ^t^O'^oonoooo 

oooo3'3»3'3‘n  0-0  — OQOO  oeoo 

I 

W W b>  WW  CfWWCj  WiO  W O fcJW  U W WWW 

no  ncinc'oooo'or'oooo  oooo 
oo  ooooneooiooooeo  aoeo 


Table  5 - Continued  Page 


«! 


oe 

e 

o 

O 

O 

o 

O 

o 

o o o 

o o e 

a 

o 

a 

o o 

oe 

Q 

o 

o 

ooQoe.eeooeoeeoo 

o o 

e 

3 

O 

3 

o 

O 

a 

o o e 

3 0 0 

3 

o 

o 

o o 

CJ  u 

o 

3 

a 

030000300030000 

o n 

3 

o 

O 

O 

o 

O 

o 

3 3 0 

0 3 0 

O 

o 

o 

3 O 

3 9 

o 

3 

a 

19  0 3 910  9 7 0030003 

o e e o e 

O 

o 

O 

o 

o o o 

o o o 

o 

o 

o 

o o 

OO 

o 

O 

a 

O O e O oio  30  o o o o o o o 

e e 

o 

o 

O 

O 

o 

O 

o 

e o o 

o e o 

o o 

o 

o o 

o o 

e 

o 

e 

o o e o 0*0  ooooooooo 

o o 

o 

o 

O 

o o 

O 

o 

3 0 0 

odd 

o 

o 

a 

o o 

4 

o o 

o 

o 

o 

e o o o oio  ooooooooo 

3 

I 

• 

a o a 

o 

O 

o 

O Cl 

a 

a o o 

o o o o 

o 

o 

o o 

o o 

o 

o 

o 

OOOOOOOOOOOQOeO 

o 

oo 

o 

a 

e 

a 

e 

o 

o 

C9  o o 

Q o o 

o o 

o 

o a 

o 

o o 

e 

o 

a 

0 0 0 3 0-0  ooooooooo 

o e e 

e 

e 

o 

o 

e 

o 

0 3 0 

o e o 

o 

e 

o 

9 d 

o o 

a 

o 

a 

o e e a d|e  odooooeoo 

'* 

e o o 

e 

o 

o 

3 O 

o 

o o o 

o o o o 

o 

o 

o o 

*■ 

o o o 

e 

e 

ooeoo a ooooooooo 

<9 

*9  O 

n 

o 

o 

o 

3 

3 

3 

0 3 3 

3 0 3 

o 

3 

r 

o a 

o o 

o 

o 

o 

o o *7  o oi3  ooooooooo 

• • 

• 

« 

• 

• 

• 

• 

• 

• • • 

• 

• 

• 

• • 

9 

• • 

• 

• 

• 

n 

3 

3 

3 

3 

3 3 3 

3 Cl  3 

O 

9 

O 3 

» 

o o 

3 

a 

3 

0 9 3 0 3,3  030  3 3 330  3 

o o e 

3 

o 

O 

O 

a 

o 

o Cl  e 

o o n 

o 

3 

a 

O Q 

O CJ 

e 

o 

O 

000000000003000 

o e 

3 

O 

o 

O 

3 O 

o 

3 0 0 

0 9 3 

a 

Cl 

e 

o o 

o o 

o 

3 

o 

e o o o 3.0  noooeoooo 

o o 

3 

• 

• 

• • • 

• • • 

J 

• • 

o o 

4 

■ • 

J 

• 

•« 

4 

e 

o o o 

O 

o 

e 

3 

o 

o 

0 0 3 

o o o 

Cl 

e 

e 

O Q 

3 O 

o 

o 

o 

onooa.oooooooooo 

o r' 

3 

c* 

3 

3 

3 

3 

3 3 3 

3 3 *7 

3 

3 «.> 

3 3 

a 

a 

a 

333  0 a- a <7  03033003 

o o 

a 

3 

3 

o 

- 

3 

.3 

3 0 3 

COM 

a 

o 

a 

»■>  c> 

»J  3 

o 

a 

o 

d d d d 3 3 do3Cid3-7cio 

o 

o o 

a 

Cl 

o 

Cl 

•>* 

A **4  3 

4 0 0 

o 

o 

o 

O Q 

o o 

o 

9 

o 

O 'N  a i4  ao  4 00330009 

a 

3 

c* 

3 

3 

•« 

3 A1  fV 

4 0 0 

3 

n 

3 

9 CJ 

3 3 

o 

e 

3 

3AJ—  nautAoaaooaoo 

c 

t • 

• 

• 

• 

• 

• 

• 

■ 

• • • 

• 

• 

• 

• • 

c 

• • 

• 

• 

• 

** 

r» 

3 

3 

3 

3 

3 

•• 

M A^  M 

3 3 0 

O 

3 

3 3 

- 

«7  3 

3 

a 

a 

o o o 

o 

Cl 

O 

3 

AJ 

4-^3 

« AJ  O O 

a 

o 

O O 

o o 

O 

o 

e 

4>  a a a A*:a  aej4  — ooooo 

o o 

o 

o o 

3 

3 

3 

4-  4 A> 

A«  A| 

o 

o 

o 

ei  o 

o e 

n 

o 

o 

— a o -4  I4ta  Al  — aaooooo 

o o 

3 

3 

3 

- 

“1 

4 

■4'  4 •« 

3 ••  3 

3 

o 

o 

3 3 

3 3 

a 

a 

o 

.MAtaA  34!  443  3 30333  f7 

o o 

O 

3 3 

3 

n 

3 

Ai 

> Ai  4 

4 — 3 

AJ 

3 

o 

C7  O 

o a 

9 

a 

•9 

a a 4 O.a  — a 4a  -^OOOO 

n 

3 

3 

•rt 

I' 

•* 

3 

3.  3 — 

3 A ^ 

3 

3 

3 3 

•I 

3 O 

3 

3 

9 0 a 0 —1—  — 7AtoAi>a333 

o 

a o 

n 

3 

3 

Ml 

4 

3I  4 4 

tA  lA  M 

3 

CJ 

a 

O 17 

o 

o o 

a 

a 

O 

3.^  -A  4A^,44a3Aj333  3 3 

a 

k 

1 

o o 

o 

3 

3 

u 

o 

O A « 

3 4 0 

A| 

a 

o 

o o 

o o 

a 

o 

a 

— 4co9VJC74a4aai9atoJo 

c*  rj 

o 

a 

• 

o 

3 A»  “4 

Cl 

o 

o 

o 

o o 

o 

•7 

•• 

4 3 4 A*  4>||"  4a  J 4 — 0*14  <7 

*3  a 

• 7 

3 

- 

•* 

o 

•&. 

A U 3 

4 lA  — 

'M 

'7 

3 

o . J 

■■ 

3 O 

a 

O 

3 

4 4 A>  3 'OiO  a4a3AJ33'7a 

o n 

a 

Cl 

a 

4 

•A 

3 

4 M Al 

3 3 A4 

a 

4 

O 

a o 

9 O 

a 

9 

— 3333-3^433  9 4 039 

X 

O CT 

3 

3 

4 

•* 

3 -A  <* 

4 — 3 

;a 

•• 

a 

o o 

3 O 

o 

a 

4 4 Ato  — 3ia  4 4 Al  4 >A  AJ  0 ‘4  <7 

c9  n 

3 

3 

•J 

Ul 

3 

3 

3 4 

3 4 — 

A4 

n 

o 

O 3 

o a 

a 

3 

■A  A.  -A  - **ja  ftoAto43Aj033a 

r» 

o a 

O 

IT 

<1 

3 

■* 

«« 

«> 

•O  f*!  o 

9 4 4 

a 

o 

o a 

« 

o o 

a 

«A 

a4f-»  4A>>4a9‘4''J  AiOOOO 

T» 

O *3 

3 

A 

''1 

3 

4 

o o -n 

4 A — 

o 

3 

O 

o o 

3 

«tl 

« 

4 a a 4 4<'4  a 4>  to  — a 3 0 a *.i 

O o 

3 

3 

• 

«/> 

3 

• 

•r 

• i 3 4 

3 -A*  .A 

A| 

3 

a 

a o 

A| 

— 4 

» 

3 

O 

•A  Ato  a 7»  34  4 a — 3030 

A 

(\l 

1 

rto  41  Al  a •^dA  3A>C3^  A*33ia  4 
0 a A 3ir4  AJA...A.  4a  ooo 

o u 

3 

O 

L> 

«4 

lA 

AJ 

0 4 9 

• > 

u 

w 

a 14 

' 

o o 

CJ 

«4 

o o 

O 

3 

o 

3 

O 

.A 

N9/VJ  - 

AJ  A4  3 

3 

a 

O 9 

3 3 

'9 

•» 

a 

' 

a o 

3 

3 

J, 

A 

3 

> 

^^3  3 

3 3 'A 

3 

3 

3 

• 7 O 

‘ 

3 3 3 

a 

a 

4 a Ato  <*  *7^9  «^4Ak.A30393 

».» 

••  •• 

— — 

i 

Ci  o 

O 

3 

o 

•# 

O 3 AJ 

3 0 — 

O 

9 

1.1 

U O 

3 O 

O 

AJ 

» 

— a 43A'<*jaa40a  400U 

a a 

O 

•* 

•M 

■A 

•*l 

O «l  4 

4 3 hi 

— 

9 

9 a 

3 9 

o 

'A 

>J 

>jaM3  •»•<>—  0 04133000 

r*  a 

3 

3 

- 

• A 

4 

A 4 1. 

- 

3 

'■' 

O A. 

— 3 fT 

i.-  4a  aa  — aa  oaaejaao 

o o 

Cl 

C9 

P» 

3 

'•l  O Al 

4 A,  ^ 

a> 

o 

a 

a o 

o a 

c 

^ a 0 O 4 AJ  — — — Aj  a Cl  9 0 

o o 

c 

— 

3 

«« 

•A 

^ O lA 

4 9-0 

4 

'> 

o 

a A- 

3 C* 

•• 

7a«JC>a41<A9333 

S5  O 

o d 

<•; 

» 

<* 

A A* 

A ...  ^ 

•j 

9 

3 

3 d 

1-'  O 

Cl 

a 

-J 

4 oa^».  a*'4Ajoe39 

3 a 

o 

O 

3 

3 

a 

4 

r />  -• 

4 >4  3 

A 

3 

O 

a 3 

9 3 

3 

o 

4 

— lAtA  'A  4404  3 030003 

3 -9 

3 

3 

3 

** 

-- 

3 

•1  3 

4 .A  *1 

— 

3 

— — 

3 3 

3 

a 

3 

— a—94a— a-«  — 33*799 

c c. 

C 

- 

- 

'' 

*' 

A a!  3 

to'  .»  A- 

- 

3 

rTT 

i a 

o 

a 

- 

344aA.  Aaw'4»  — *“aac» 

9 

-3 

• 1 

A 3 '« 

1.  O I 

•1 

. 1 

, 

1 J 

• 

J toJ 

f* 

• J 

•J 

— .-I  •*  -1  -J  .1  a ^ to.  0 3 4 -4  -.1 

» 

9 c; 

3 

» 

•* 

A 

A 

• n 1 

•A  ••  , 3 

7 

A 

> • 

3 3 

♦.1 

7 

3 

m\  .7  f • a M A •>  A 7 -5  .1  9 4 

n n 

3 

3 

3 

3 

M 

>• 

■A 

•A  A '.A 

•A  — _ 

O 

3 

1 

•A  A 

3 3 

3 

3 

•7 

9 A|  4 'A  ^443  “1  — 3-7  339 

4 

3 

3 'J 

O 

.1 

'J 

J 

•> 

A 3 '3 

3 3 0 

•J 

O 

o 

4 O 

■4 

3 '4 

O 

9 

.7 

-3  0->—  33^3003309  J 

3 3 

3 

« 

3 

3 

o 

t 

A A >4 

A — *5 

— 

'J 

3 ^ 

• 

3 1 

U 

3 

3 

9a  4 4 AA»a«j999  7>}-3  9 

e 

• 

• • • 

o 

3 « 

3 

3 

O 

a 

3 

A» 

**• 

•1  — 3 

3 

3 

9 

3 9 

— a 

e 

a 

3 O O AJ  a >3  A«ai  — 390939 

U 

O 

o 

O 

J 

u o o 

U 

O 

9 

CJ  o 

a 

CJ 

e 

<400—  94— CJ400000U 

O 3 

e 

3 

3 

3 

9 

9 

9 <1  4 

— 3 9 

9 

3 

O 

3 9 

9 3 

3 

9 

9 

990  49  4 Ai  99990000 

.3  3 

3 3 

3 

3 

3 d 

o 

3 3 0 

9 3 3 

3 

O 

3 

3 3 

9 3 

3 

3 

3 

9 9 0 0 0 3 09. 9 993039 

r 

c 

1 

- 

3 3 

3 

IT 

a 

3 

a 

3 

3 3 e* 

3—3 

r- 

a 

•• 

O O 

► 

3 a 

a 

a 

a 

3 3 3 3 3-3  a 3 3 3 A.  3 — • 3 

3 33 

3 

3 

e 

3 

3 

3 

3 3 3 

3 0 3 

3 

a 

a 

3 3 

9 3 

3 

a 

a 

033000903303039 

I 


Xl 

V 

3 

.a 

a 

0 

u 

1 

m 

0) 

(4 

H 


m 


I /g  M 4}  mId  •^«m*naooo 
■ •#  -A  ^ ■O’C  NOO  oo 

>»««tt«  •#•••■•« 

> c ^ 9 '^■9‘  ^./>•^•^JOt^OO 


I 


t O <3  o O O 
I »«  a r>  o o 


' mm  •f  - v-  9 rs . »* 


r»c*  r>e} 


'•«*  ••  oo 


o o o o o 


a o n o 


a \j  « .4 
a « B n 
• 4 • 

O -4  M 


■n.«iO  A|««aOOoOO 


o a -•  o 

• • t t 

a a a «• 


40  o 

•I  • 


o o a 

• • • 

o a a 


o o o a o 


naonoaoc*oe*o  ooo 

• •••t»»«««|«  *4# 

eoeeaeeae  ale  e a e 


a o o CT  a 


e o o a 4 


• vt^i/^pf-nc'oo 


0000*M444«‘«‘^^ 


I ^ — I tn  « 

O Oj  — 

•< 


I 9 o a n 


ooea^-^  T-c 


> e a a e a 4 


o « 

w\^»s<^»ooeo 
A*4*4>4'>ioaao 

^ <ro44  4*0000 

I 

a440>o  ooao 
^*0^  •*0  0 090 

4»i«««»«««t44 

•A'AAiMooeao 


e e o o o o « 


' Aj— ooonooa 


»o  0090090— l—eaoaaaaoo 


o o e*  o o 

4 • • • • 

a a a o 9 


aoeac:9  oe9or> 


a n o a 

4 • 4 4 

a a o n 


212  - 


0 


I 

5 


v 

00 

(d 


V 

3 

.3 

4-> 

3 

o 

U 


m 

v 

H 


oe  o o o o o 

o 

o O'.o  o e o o o o o 

o e 

ooeoooeooot 

o eo  e o e 

a a a 

a 

o e o 

a 

a 

B 

o 

o 

a 

oio  o o o a 

o o 

o o o 

o o 

a 

El 

El 

a a a 

a a 

o a o a a 

El 

a 

a a 

C3 

o o a 

o 

o 

o 

<9 

o 

a 

oici  o 

o o o 

a a 

o a o 

a b o 

a 

o 

o d a 

a a 

o a a o o 

a 

o 

d CT 

O 

o o o o o o o 

o 

1 

o oie  o 

e e o o o 

o 

o o 

o o o a 

o o o a 

a a 

d a o e a a 

a o a 

a 

e o o 

n 

n 

a 

o o 

ED 

ED 

le  o o e e 

e a 

e a o 

a a 

ED 

n 

n 

a a a 

a a 

le  a a a a 

El 

a 

a o 

CT 

• • • 

K1 

n 

• 

• 

•1 

• • • 

t • 

• • 

• * 

• 

B 

B 

• t • 

• • 

• 

• 

• « 

•o 

PI 

PI 

ED 

ED 

m 

tn 

o 

o a 

n 

PI 

a a a 

ED 

o 

o 

*3 

o 

• 

a o e o o o o 

o 

O ol 

e o a o o o o 

o 

e a 

• 

a a a a 

a o o a a a 

a a a a 

a 

a 

a a a 

a 

O 

Q e e 

ri 

B 

B 

B 

B 

ol 

Q o 

o o e 

e o 

B 

o e 

e 

« o 

a 

El 

El 

e a a 

a e a o 

El 

El 

a 

a o 

a 

oe  o 

o 

o 

O 

O 

o 

o 

el 

1 

o o 

e e e 

e o 

O 

o o 

o o 

o 

a 

a 

abb 

a a 

a a e a 

a 

a 

a 

a b 

a 

t* 

o o o a o a 

o 

o 

o ol 

o o a o a 

o a 

o 

o o 

•• 

a a 

a 

a 

a a a a a a 

d a a a a a 

a a o a 

o 

o o o 

n 

e 

o 

n 

n 

o 

ol 

» o 

OQ  o 

o e 

o o e 

o 

o a 

a 

e 

a 

a a CT 

a o 

a a a a 

a 

a 

a 

a a 

a 

9 

• • • 

B 

« 

B 

B 

\ • • 

• • • 

t • 

• 

• • 

a 

• • 

• 

• « t 

• • • • 

• • 

< 

o 

o 

o 

n o 

o 

0| 

|0  o 

o o o 

o o 

o 

e o 

o o 

o 

CT 

a 

CT  O CT 

a CT 

o o o a 

o 

a 

o 

a a 

CT 

o a o 

a 

o 

o 

o 

o 

O Ol 

lo  n 

O Q o 

o o 

e 

e o 

a a 

o a 

a 

1 

a a CT  a Ol 

0 

0 

G 

0 

a 

a 

a 

o o 

a 

o o o 

m 

ED 

ED 

Cl  o 

n 

ED 

o e 

o o o 

e o 

El 

o o 

a a 

El 

ED 

H 

CT  a a 

a a 

O O Cl  o 

a 

a 

a 

n o 

a 

• • • 

B 

•1 

• 

• • 

a 

• t 

B 

• • t 

• • • • 

» 

• • 

o 

o 

o 

Ol 

a Q e 

o a 

o 

o a 

ED 

El 

CT 

a a a 

n a 

a o a a 

a 

C3 

o 

o a 

o 

(A 

1 

•a 

o o o o o 

o o 

o 

o ol 

e o e o e 

o e 

e 

o e 

a 

a a 

o 

a 

a a o a 

a a 

lo  a o a o 

a 

a a o 

a 

o cf  o 

a 

o 

n 

n 

o 

n 

o O 

O O Cl 

O M 

o o 

O Cl 

o 

El 

o 

Cl  o a 

a a 

o a o a 

n 

El 

a 

ri  CT 

o 

„ 

b o ai 

o 

o 

o o 

o 

o 

o 

o o 

e o o 

e o 

a 

o^ 

a a 

a 

O 

CT 

O (3  O 

a a 

a «3  CT  a 

o 

n 

a 

CT  O 

• 3 

o o o 

o 

o 

o 

a 

o 

•O  *A 

^ o o 

o o 

o 

o o 

a 

a a 

a 

o 

a o a 9> 

o o 

M CT  CT  a a 

a 

o 

e o 

o 

o n o 

rj 

o i-» 

lA 

• A 

Ml 

i<a  « 

•A  O O 

o n 

El 

o a 

a 

a o 

ED 

FI 

FI 

e o M 

M A 

!«  M <>  a 

El 

o 

CT  ri 

a 

c 

• • • 

• 

• 

• 

• 

• 

• 

•1 

Ml 

1 • • 

Im  ^ 

• • * 

• • 

• 

• • 

c 

• • 

• 

B 

B 

• • • 

• t 

1 • • • • 

« 

• 

• 

• • 

• 

- 

-9  O 

o 

n 

n n 

•9 

•• 

O O 1 

o o 

o 

-»  n 

•• 

O CT 

M 

CT 

CT 

CT  a M 

M M 

:m  M o a 

o 

o 

a 

CT  CT 

o 

o o o 

o 

Cl 

n 

K 

e 

i 

11-  *A 

lA 

o o 

o 

o e 

a o 

a C3 

a 

a a M 

A lA 

CT  CT  A O 

CT 

a 

o 

a €3 

a 

cv  a o c» 

o 

o 

a 

•» 

r** 

-*o  o 

o o 

o 

c»  o 

a CT 

B 

B 

El 

M a • 

A M 

Ict  A M M 

•• 

a 

o 

a a 

a 

'1  o b 

o 

n 

- 

•M 

- 

•« 

<a 

I-*  * 

M -• 

b n 

o 

• J o 

CT  CT 

a 

•3 

n 

M -1  *A 

A vaI 

j-A  A M O O 

«3 

CT 

•3  CT 

CT 

O O Q 

1 

•fi 

O 

« 

a a a 

o ct 

o 

o o 

O CT 

Cl 

a 

lA 

a CT  M 

AJ  aI 

AJ  ‘A  «>  A 

a 

•« 

O 

O CT 

CT 

10-1 

o 

M 

1 

■rt 

1*A  a 

•—•AM 

-1  o 

o 

o n 

•t 

CT  CT 

CT 

CT 

> 

-1  CT  •• 

M CTI 

• A A CT  A 

■M 

a 

o 

CT  O 

CT 

• * • 

• 

• 

• 

• • • 

• 

• ■ • 

• •! 

• • • • 

• 

• 

o o e 

o 

o o 

a 

a 

la  •« 

1 

•#  •«  fl 

r*  n 

o 

o o 

CT 

r»  o 

O 

CT 

a 

«A  •#  a 

A A| 

A CT  A CT 

Al 

o 

o 

o a 

o 

o 

O O O O lA 

o 

m 

41 

a 

v<« « 

*•  wi  o 

•>  O 

o 

o o 

O 

a o 

o 

CT 

s 

CT  M CT 

,A  wi 

• M fA  CT 

A 

-1 

o 

o o 

a 

Cl  O O 

Q 

»** 

H 

• 

W 

p«  *4  *A 

••  o 

a 

o n 

o o 

o 

a 

Al 

lA  M »« 

> xW 

i 

E 

CT 

O CT 

CT 

•• 

o o u 

o 

•V 

•# 

O 

a 'A  -* 

M o 

o 

a o 

M 

• 3 CT 

-CT 

o 

AJ 

P*  O M 

M M, 

E 

E 

9 

a CT 

O 

o o o 

o 

o 

• » 

9»i 

9-10 

a 

a 

o o 

a 

a o 

a 

CT 

A Av  .«  9 

A Ol 

Im  CT  •)  a 

CT 

a 

9 0 ry 

o 

o 

•J 

e* 

b 

a 

* •!>  > 

n 

o c»  o 

O CT 

o 

C) 

M A M 

M O, 

M •>  M 

CT 

M 

• 

a a 

CT 

O O O 

o 

Ml 

<« 

o 

Ml 

1 

jn  a M a a 

M O 

o 

o o 

CT  CT 

d 

CT 

M 

«A  -A  A» 

CT  A*! 

CT  a M A 

A 

M 

rj 

CT  CT 

o 

• 

o n o 

•A 

“W 

<« 

o 

A. 

^.i 

«A  t)  > 

o 

o o 

a a 

O M 

tA 

A M PA 

a aI 

M O M A 

O 

A| 

A 

a CT 

e 

9 0 0 

''I 

o 

*-  M A 

a M A 

•A  O 

o 

o o 

a 

CT  o 

O 

M 

M A>  Ml 

M lA  A CT 

A 

4A 

a >3 

1.3 

m 

« 

• 

« 

• 

• • 

• • 

« 

M 

« 

• 

• 

• • • 

• • • • 

• 

• 

• 

*n  o o 

n 

fA 

Ap 

A' 

H*  K »A 

— • M 

o 

o o 

r»  o 

o 

r* 

lA  A A> 

M A 

CT  ^ CT  M 

lA 

CT 

a 

CT  CT 

CT 

<M 

M 

e o o 

w* 

•• 

9»' 

-H  - 

Ci  a a 

u 

o o 

a u 

CT  A 

«» 

M M A 

|a  o a M 

u 

9 

CT 

u Cl 

O 

O O Q 

o 

o 

A. 

« 

>e 

ohaj  » 

a w.  a 

M a 

o 

a a 

O CT 

CT 

•r 

M A a 

« Ml 

^ CT  CT  M 

A 

M 

in 

e a 

a 

«l 

'J 

o o o 

O 

• 

•A 

• 

•A 

a 

o 

1 «S  lA 

• • 

M O 

o 

o o 

a 

a CT 

O 

• 

o 

■M 

lA  A 

A 9> 

H CT  O M 

•A 

o 

'3  CT 

CT 

o o a o> 

e> 

m 

Im  hi 

«n  o a 

M O 

o 

o o 

B 

a o 

a 

o 

fO 

CT  a A 

••  A 

A M CT  (A 

o 

o o a 

o a o 

-• 

m 

•- 

<M 

r>* 

« 

n * 

M a Aj 

«A  O 

o 

o o 

O CT 

a 

o 

-• 

A|  » M 

-A  A 

O A CT  A 

a 

a 

a u 

O 

ri 

U' 

A* 

<r 

a 

•»  a *— 

•*  M 

M 

r'  CT 

c b 

c* 

M 

A 'A  A 

CT  «* 

'.a  M CT  A 

ir* 

M 

n 

CT  b 

M 

o o o 

o 

o 

o 

Aitr»  o 

o o 

o 

U CT 

a o 

CT 

CT 

O 

O *A  M 

a M 

-CT  CT  M « 

CT 

o O 

a 

o o o 

o 

•« 

« 

MilA  A| 

n 1 

M O 

o 

13  CT 

CT  I 

o 

CT 

*A 

A>  *1  O 

M a 

* A O »»  CT 

M 

ri 

Cl  CT 

•3 

C3  O o 

o 

• A 

a 

*o 

r*  a •- 

A.  o 

o 

£>  O 

O CT 

o 

•3 

c 

f"  if,  A 

AT  M 

jCT  » M tr 

d 

M 

o 

Cl  C.l 

■- 

O Cl  o 

o 

o 

ti 

!•#  M 

a M •, 

a c» 

o 

1 n 

a a 

CT  O 

n 

a M o 

a AiO  M pH  A 

O 

■'I 

Cl 

O CT 

o 

O O o 

o 

•»» 

— 

;a  O 

M M a 

A M 

1 

o n 

M M 

CT 

CT 

CT 

CT  M M 

M a 

iCT  CT  M CT 

# 

CT 

*3  CT 

CT 

c*  e o 

o 

O 

<« 

A 

•<i  e* 

a a *1 

b ^ 

e 

M M 

CT  M 

d 

O 

CT 

A A 

A CT 

ia  ^•  CT  A 

Aj 

d 

c 

r.  CT 

M 

a Cl  o 

o 

t1 

r\ 

•>> 

O 9- 

.A 

o o 

j 

C>  Tl 

3 O 

CT 

CT 

O 

M M Av 

A «'A|  A \»  3 

A 

A 

*3 

Cl  c.J 

Cl 

oil 

o 

1 

•1 

PA 

•« 

>» 

o 

A.  A| 

— — 

1 M 

T 

CT  CT 

M '1 

A 

CT 

o 

HV  - M 

M 4 

A ■■  CT  -1 

Cl 

3 

3 -3 

CT 

1 o o 

o 

1 

r> 

t 

A 

a 

;A  A 

•A  •—  M 

1 r* 

o 

r»  o 

CT  O 

CT 

CT 

*3 

■3  -1  •# 

A A 

' A A A CT 

a 

CT 

CT  a 

CT 

a 

1 

■j 

1 

i3 

3 

n 

•» 

a 

*■*  a 

a A a 

n o 

VI 

'j  a 

o 

3 W 

•CT 

M 

a 

*3  CT  •* 

M A.—  •>  A # 

a 

a 

1 

O <3 

a 

o 

1 

o 

e» 

a 

# 

j.A  ^ 

■A  -1  1 

o o 

n 

CT  CT 

-1  CT 

CT 

•3 

CT 

'3  CT  CT 

•'1 

M M M M 

o 

a 

«1 

3 CT 

CT 

b 

• • • 

• 

• 

• 

• • 

f • 

u 

• 

• • • • • 

-J  o o 

o 

c*  o 

1 

•• 

1 

-1  •*  o 

n o 

a 

a n 

O O 

O 

O 

a 

O a PH 

M A 

A CT  M M 

a 

<3 

a 

CT  CT 

CT 

o a o 

o 

o 

o 

■a 

e 

mIo  m 

> o o 

o o 

o 

a o 

a a 

a a 

a 

a a a 

CT  M 

M A M a 

a 

a 

a 

O O 

a 

o on 

o 

0 9 0 

o 

a 

1';” 

— o o 

n o 

a 

a a 

O CT 

a 

a 

o 

a a a M ^ 

CT  M a o 

a 

a 

a 

a a 

o 

9 on 

o 

o 

o 

o 

o 

1 

J, 

|.H  A 

oil 

o o 

a 

a a 

o o 

CT 

-1 

CT 

bob 

a M 

1m  a b o 

a 

Cl 

n 

a CT 

CT 

Ul 

1 

( 

r 

- . 

bj 

«.» 

'u  w 

woo 

o o 

O O O 

•o  w w o 

o 

w 

o 

o o 

p»  o 

o 

o 

o 

n 

n 

o 

■1  M 

MOM 

M M 

M 

CT  e 

M r* 

a 

C* 

CT  o o a 

a c* 

lO  Oo  o 

c 

o 

r*  CT 

9 b b 

o 

o o 

es 

o o ofo  o n o Cl 

o d 

o 

a Cl 

a CT 

o 

CT 

a 

a a a 

a a 

ta  ori  a 

a 

o 

CT 

a CT 

M 

k 

■■5 

I 


1 

I] 

ll 

i 

il 

:i 


I 


- 215  - 


Table  5 - Continued  Page 


oaeoooooooSaooooeoooo 
oeoaooooeaoQOoaooooe 
• •••••••  ••• 

<300000090  >9  jooooaoaooo 

oooooooooepeooooe  oeo 
oeeooooooojooeoooooee 
«•  •••••• 

o oaoeoooaaaieooooOaoan 


» e e e o e op  ooaeooeoo 


ooooooooeoloooaoeaaoo 

® 1 ® " 'I  ® ® ® ® ® ^ ® ® ® ® ***  *? 

OOOOOOOOO  f){o  O 90000000 


o o o a o o o o o olo  o o o o o o O o o 


o o o «.!  o o 3 o o olo  onoouo'loo 


0000  0 0*10  4'«.*n-#'^ooijoo»»o 


oooooni-^iA  « o •«  u>**>oA|oooeo 


ooooeoooo  olo  oooooeoeo 
e o o o a e o o o e jo  o o o e o o o o o 

ooooooeoooPooooooooo 


eoeooooooc 


lOOOOOOOOO 


oooo  oooo 
ooeooooo 

oeoooooo 


O op  OOOOOOOOO 

oop  OOOOOOOOO 

• •!•••••  « •••• 

oepooooooooo 


O O O O O O «J  o * 


oooo  9000' 
oooooooo* 

• •••  t«t« 

oouoooooi 


I o a o e o 
) o a e o o 

I e o o o o 


OOOOOOOO' 


o o o o • 
oooo 

• • • t 

o o r>  o ( 


' ^ o o 

I ♦ olo  9 o a •# 

. ‘A  # 'A  # A| 

»••!••••• 

> a Ol  ^ 'A  I*'  •n  A| 


0 0 9 0 0 

V o o o o 

• • • • • 

o c«  o o o 


OUOO-«-4-iAOP«>' 


.fS4lt|^>AMOOOU 


0900  a (el's  *o  a^««o900 


^ O oi^  ••  O (A  O r*  'J  I 
, « • , ‘ 

I A*  » « « •»  ^ a o o o ' 


•a  a'  S'  Ak  ^ ' 


r «•  1^  a 


< a-aAionoA* 


oo'Tt.aoPo/'^^-iiJooo 


cr'cjof 


'a  A a a -A  ••a^ctoooo 


oosoon^-Ai* 


(OOOO  300  — — .DOOOOOOJOO 


OOOOOOOOO  Oio  ooonootneo 


t ^ 9 o o 9 o • 


Table  6.6 

Laser  Backscatter  Detector  Array  Outputs 
For  Vj^  = 200  m/sec  and  Ij  =0.0 

Results  are  shown  as  a 20  X 20  array  (corresponding  to  the  detector 
array)  every  1 m/sec.  The  actual  laser  spot  position  as  imaged  on 
the  array  is  indicated  by  , Vq  . The  glint  point  position  corresponds 
to  the  aim-point  and  is  shown  as  entries  are  spaced  a 

distance  Api  = 1.0  and/or  Av  = 1.0  apart  with  the  four  central  detectors 
at  ( p , V ) = ( -0.  5 , -0.  5 ) , ( -0.  5 , 0.  5 ) , ( 0.  5 , -0.  5 ) , and  j 

( 0.  5 , 0.5)  [corresponding  to  lower  left,  upper  left,  lower  right,  and  i 

upper  right  corners,  respectively]  . The  horizontal  line  corresponds  ] 

to  the  I - axis  on  the  focal  plane  and  the  vertical  to  the  ^ - axip.  ^ 

Their  intersection  defines  (ii,v)  = (0.  0).  The  shaded  ellipses  | 

indicates  the  laser  spot  position  while  the  open  ellipses  shows  the  | 

aim-point  position.  ] 
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Appendix  to  Chapter  6 


COMPUTER  PROGRAM  LISTINGS 


o o o n 


MAIN  PROGRAM 


»CT10».P0RTPAN 


RE*L  10*1  ?.t1U9«MUu*'*UC«MUG*IGZ.!Gl 
3l«EMSION  RSK  S>»V'‘tJ>.RTTCTj,»TCT»,AT2«20. 201. 5*20, 201. X 
Ot'CJI.OVf  Jl.uavc  3)  3I.0VSPC  ;>.UTf  3)  «UGC  ?)*E9I7(  I >.X 
ZC  3KXXC  3>  «C3>.7r  ( 3I.UL(  3).Rt  S ( 3>  . OLMt  3 1 .UDPf  ^ . X 

PTOL0C3»*PS0l  3C3I.UtC*L0C  3».'?C  ?)  , GOC  3 > .AT  1C  2(3.201 
MAMEUIST  /INBUT/  KE?.  »S.  V’.  03.  GO.  E3 

NP(}INT  s A 
Bt  = 3.141592634 
ZCll  = 0. 

Z(2I  t 0. 

2C  31  ='  1 . 

T s 0. 

OT  = l.E-3 
N = 0. 


SET  OPTICAL  StSTE**  oARAhETEPS. 


I 

rcz  = 0. 

ID  = 1. 

SIGHA  = 1. 

UL  = l.OE-6 

OETU  s 1 ./<  C 2*  Pl/gL»*?  IG»*A  ) 

C*  SPECIPC  cNOaGE’IEN-'  rApAHTTEps, 

C* 

c»***«*«»«*****«*****«*»«*«**»»««^««*«»»  »*«««««* 

RSZC II  - C. 

PSZ(2|  = 0. 

P3ZC3)  = 0. 

V 3 ( 1 I 3 0 . 

V3f2l  : 0. 

VS(3)  = 3. 

?TZ< 1 I = C. 

RT2<2)  = l,c6 
PT2C3I  = D. 

VT|1)  = 50.0 
VTC2)  : l.c4 
VTC3)  = 0. 
necii  = a. 
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t 


I 


r 

I 

[ 

r 


- 3. 
C3(l)  = j. 

'TeCc)  : J. 

13*1 > = 3. 
GC<£»  = 0. 
GCU)  : 0. 


c* 

C-*  CCNviPT  TO  ■>  lP*^!:~"'ir£  '''•  jr  *' • »!»'t  s, 

C# 


ZiLL  SOM  ) 

Call  sum  <vf.  ^s#  'v.  -i) 

Call  urf'iCT  «:•?,  r-:* 

cawl  UV5CT  <3Vt  j:v.  1 = 1 


C*  CALCUL*T=  3:5TAN"=  it  '•lO'-'C'  •"“PCaCh. 

c* 


C»LL  dot  TU0-,  li3V.  •'U;VT 

S^  = OUi?V-*O^M 

C*LL  SC^ULT  t^F.  ‘J-V. 

c»ll  sum  cc.c,  ov..f. 
call  uvsct  <0,  0.  =•«*,  i:i 

pcint  10,  0M»c  jvw. VT. ^ 1 1 g:  . lO.GrT :) .cc (£).>:(  3 ) 

13  i=C^M4T  ( A = P'?jrn:-,;:i  n.  1//-  r->T  c;o:LCT  » 

= 10.2//"  -»5C  t* , ?r  1 c.  ■'//’  v=  ■/fcTo"  -'"ie  ir.i//’; 

" ft2  v:.cio'  =-.2=!'.r//"  v”  v"’::;  r-,?=ic-.=//"  :=  v.-^c  .=  -x 
.3:13. i//"  I33  =*,"’.3.3//"  !?  =".:13.2//’  C-r 


s 

f 

I 

! ! 

1 ; 

I 

I 

Lki 


?C^=53'^<L3k<1)*J:‘'T11*o3'<‘)»'J’'‘C:)) 
THt.TAZ:ATANi:(5  5T,J''”(')) 

?H:Z  : ATAr4^<UDF(  :i, 
iriiFO  I ICO. 

gain  = z'^.^i  3f  •s  = F''''»:‘''  = 'o 
Cl -rAO:£x3(-oT»  2* 
p'-lNTl  T C. 

= hI\T2  •: 

ThINTI  : 0. 

ThInTZ  r TH£Ta: 


■rt^t  l.if’ .■ 
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I, 


other  = 0. 

OPhER  = Q. 

THcTA  s THINT2 
PHI  = °HINT2 

CALL  SPMREC  ITHETA,  s-MI,  1.,  UG> 
TTr  = ORH/C 3.E 8»0T> 

TCELAt  = 3.*TTF^2./C?PREO*OT| 


C 

c- 

c-  5eT  up  ranooh  ar®at  control/ghneration  parametepe 
C-  AhO  OsT«IH  INIHAJ,  vAtUEE  OF  A-TIlOE*S. 

r _ 

C 

= I 

FPj?  = 1 

ALPHA  = OVH*SORH  l.-OUR»*OURV>/DPH 
T4  = 0- 707l07*SlGHA/f4.»PP»^ALPHAl 
T1  = TDELATpOT 

Call  rint<f,»^x •t^.a"! * at2» 

c«  »**•*«*«»****«*■»***««  *»«*«»*•*«»«««»*» 

c* 

C*  InCrEhEM  'lOCC- 

c* 

100  N = N ♦ 1 

T S T ♦ QT 


c» 

c* 

c» 

c* 

c* 


IHCREMERT  TftPc^T  poEHTON  AND  I^ORE 
OBTAIN  DELATED  T»eC-ET  r'O'TITKN. 

*«»*»*»«»*»«*«*«»«*««***«"*»«*«*«  »«« 


•*****««*»«•*«'»»* 


call  USUH  Cl..  OT.  ?=•.  DV. 
call  STaCIN  Cl.  DRI 
CALL  UVcCTCDP.  UOP.  0-f1,  TE) 
TTf  = DPN/C 3.- 6*DT) 

IP  CN.LT.TTF)  GO  T''  13J 
CALL  STACCT  Cl.  T^*^.  =TOlO» 


c* 

• Z*  CCHPUTE  target  T-^ACKING  ICCO’:  AS  SEEN  ST  SENsOC  CN 

'C*  THE  31NBALS  CLSIN**  ’’HE  DELAYED  TARGET  OOSITICNJ. 


i 


I 

C4tL  uve::t  cf^TOL".  it)  j 

Call  sum  cjt.ug.  ['“•  -U 

C«-u  C'C  ss  < z.  U-.  » I » 

CAcL  UVFCT  CXI.  *1.  «!l,  ID 
call  C*C3S  CU3.  XI.  '■'Al 
CaLi.  0?*  Cts:,  £T». 

po-;r,_  = -«;cs£L*E &c  1 1 
Call  do-'  (£:?o,  xi,  r^cxo 

c«?WAZ  = f35’AZ*Z?(2)  * 


c* 

c* 

c* 


► chaz  = :';^AZ/ir,  <’-‘'ta) 

31Th  = C -iR^'cL  - CL'*"'  » ?■''-■■"') /I ! . - C^ctD 

: CC^SiZ  - C;_''e:'  )^tt.  - CLC4C) 

0Tr<£>^  : I^'’£:L 

C P H H 5 ; L ^ h'  A Z 
CiTM  : aiTM  * GaIM 
02»H  = Ol^H  » GAIN 
THIMl  = TmINTI  •»  -'’■*021^ 

3mINT1  = CMiNTl  * •>-  » 

THlNtZ  = ♦ 'i’-  » THr'i”! 

»MINT2  - P'liNT?  ♦ * ®“I-’;Ti 

T‘^£TA  - "^MINTZ 
3^'  : ^MlK'T2 

Call  S^H^EC  (TMcTa,  '--I,  \ 'jG ) 


IMOl:N£KT  CIMSAL  " £ ^ V 0 P ' I ‘J’ T N'"  JPCATE. 


r* 


r 


AlCuLATE  glint  Pn  E€\S0»  =0C*L  PLANr. 


o u u u 


c******************* 

c» 

C*  calculate  LASEI?  TAPOET  hiss  DISTAMCE. 

c* 

c**« *•*****•*•*«*•** *«***«***«***»*********»*»*«*«* ••••«•••••«* 

CALL  STACIN  C2.UL> 

IF  f N.LT.TOELAf  I C*)  TO  100 
TTF2  s 2*TTF 

call  STACOT  12,  TT«^2,  ULOLOl 
call  OOT  (UT.  ULOL^,  OTLI 
SF  a -DTL*« 

call  U3UH  ll.«  SF,  CTOLO*  Ul9lD«  OLH) 


calculate  laser  position  on  tapcet  as  seen 

ON  SENSOR  FOCAL  flANE.ANO  CLINT  INTENSITY. 

calculate  The  Appat  of  focal  plane  signal 

INTENSITIES. 


c- 

c- 

c- 

c- 


CaLl  HUNUIUG«BTo<.COLh.D''TU.KI  .E”  a •HUD«NUC) 

X = NUG-nuO 
r : NUG-NUO 
IG  = 0 

ici  F x«X4-y*T 

IF  flGl.LT.76l  lG=TG7»E*Pt-lGl> 

Call  sig(f*huo •nuo*fuo*nug> io« tct t«t4, si 

IF  f fN/NPfiINT»*NPRTW'.NE.N>  CO  TO  lOO 

cpR  s FO»*l 
IF  CFPP.E0,2>  Fp«  = C 
IF  fFPP.EO.l*  Go  TO  JOO 
PRINT  301 

301  format  f*l*l 

300  PRINT  302,T.Hu0,NU?.fuG.NuC 

302  Format  is*. -time  =".fi 3.3.-<sec isx.-choo  =-.F8.3,*»  nud 

F0.3.* »-.e»,"f MUG  S-.F9.T,-,  NOG  =",F8.T**I*  /» 

IF  CN.CT.lOO>  GO  TO  210 
00  205  j:l.20 

00  20S  I=i.20 

IF  C 311. J>  .LT.  > 5f  I,  J>=  I.E-IO 

205  CONTINUE 

print  220,  f ( ALOClOf*^!  I.JI  l«10*  1=1, 2C>,  J = 1.20> 
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SUBROUTINE  SIG 


: ^ fl  N 


! L = f 0 L T ' 1^  r < I G ( c , u ' . ' j : . ^ u : . N ■>.'  c . : - . : . i # t 4. , : ) 
•■? E i L MJ ; t N u: . 'jc  • ". '-'r-  • ’ 0 . ! “.  t UG : , Mu V • f'  Jw  1 1 nl ^ 

3i^*emei:n  S(  ?g  j).  t'K  c3,2:)  , i'?(2c.  i:) 


:^n:<•w::F  cgini/:  •"  = •.  s: 

STUf.vjCTt-  :AC^^ETi^'. 


' ' c : T ’ G M-  G A \ G ; : G N A ■. 


z c 


: i 
^ r 

DC 

Ml 

ML 

Ml 

ml 

DC 

AC 

:: 


3«’’(  !r/*4.;4- 

J h '(’.»! G ) 

s :^'(  = ,’’,’•6 . 

0 C 1-1  ,2Z 

J i ^ - 1 I £ D 

: r J G - ( I - ! C . E ) 
JG-(  J-  :c  .5  I 
J:  -(  I - 1C 


) 


J-  !G  .5  1 


: c 

” w 

: r 

: c 


Jw  *■ 


‘A  A; 


■ ” » '.  T H 


:=  (CG.Nr.j)  11  z :-v  r 

If  ( C G . N ■ . - ) 

! - ( > 1 . i n 


'.-£  - ( -'v  : .M.  j)/: 

: ' T - - r \ r r . - 1 ) 

If  ( j e • L * • - G ) A G - ■ “ X ^ ) 

A : 1 : c : ■•>  i ■ 1 ( ! . , ) 

A c 1 ’ G (;.. ) 

! ( : . J ) : : . ; { A C 1 ' ^ ^ ( A : 1 * A - ) * A 7 r-  £,  - . ) 

C C ■'•  T : X . E 
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I 1 1 

i 


y.. 


SUBROUTINE  HINT 


EkO 


j • 


I 


•1 


> ■ * • 


■ 


% 


■■■■;  : .1 


I A ^ ^ 


/ rV  - ‘ T 

-•i-  *'  j . 

• . 7 ■'.  1 • 1 • 


• .S-  • • 


^ -V- 


1 


J 


I 

T 


- 238  - 

b>  ■ 


-ej  •• 


I 


t-»  o r.  r>  o <~i  r>  n 


SUBROUTINE  RING 


c 

c- 

C»LCUL*T'  and  INCP“«»EnT  A-TTi,Qr.t;^ 


subroutine  9INCCP  .A-^?A(?,ATPfPp  ) 

dimension  »PAOC30.»n.35»,RcEPPC  33.  30.3  i». pic 900). P2C 9001. X 
CT(33»,CKt<ll,  ID.^-^AwC  33.  SCI.'^^'POC  3C.30>.aTc*p<20,20I.X 
ATfccPPC  ?0.^C> 

CCHMON/ff  INC/PP  Afi.ff'^pPc.c^.ClfT 
IfCF.EO.O.*  39  TO  »99 


calculate  yfclG-^TlNr  COEFFICIENTS. 


DO  100  I=-lb.la 
100  CTC I*l7 | = EXP< -I*I/T2,  I 
30  110  TF-S.S 
3C  111  J=-5,5 

111  C»Yf  1*6,  J*6|:EXFl-CT*y  > 

no  CCNTINJE 


C-  CPEPAPE  TyO  APPAYi  33Y3^A3^  ELEMENTS  E*CH, 


30  aOD  : =2. 23 

Call  PAN£/0f1_SN0^*lAL_EEC(  (PI. 990 
CAlL  oAnOOM  SN0  = ?1AL_SEQ  ( p2.  9301 
3C  210  J=!.33 
DC  211  <-1.39 
L=20*( J-ll*< 

PPAPC J.K.I)i?l(L) 

211  P'EPPC j, K.I >=02(_> 

213  CCNTINJ" 

203  CONTINUE 
30  3 CCNTINIJc 
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no  nnnnn  noon 


Shift  arRats  oOun  one  *no  add  a 3oX30  danooh  array 

TO  FORM  A NEW  S0X30X33  A9RAY. 


00  AOO  1S1.32 
00  410  J-I*3a 
00  411  Y-1«3Q 
RpARC  j.R. I lsRPARCj.lt*  I ♦!! 

4ii  rperpcj.k,ii-rperpyj.k*x-»i  1 
410  Continue 
400  Continue 

Call  PANcOH_$HoR«»i_seo  c Ritoooi 
Call  ra no oii_t normal  sho  CR2.9001 

00  500  J<1*39 
DC  501  K-1.30 
L=30*CJ-1>^K 
RPARC J.K.33):R1CL> 

Sol  RPcRPC J.X.33IsR2Cl1 
500  continue 


FORM  the  UCiGhTeO  SON  OF  ELeNENtS  AlOnC  TmE  53  OlnENSlON* 


00  600  J>1«30 
00  601  KS1«30 

9PARI j.KlsQ. 

sperpc j.ki=o. 

00  610  l:l.33 

90ARC  j.XisaPARC  J.IC»*CtC  I>«PcARC  J.K.I) 

610  9PERPCJ.K>s80ERPIJ.»1»CTC I>*PPEP3< J.K. I » 
601  CONTINUE 

60p  continue 


C-  FORM  THE  UEIGMTEO  3UN5  0^  ELEVEN  ELEMENTS  ALONG  THE 
C-  30K30  OIHENSION. 

c- 

C 

00  700  J-l*20 
00  701  r = 1.20 


DO  711  ICl  = l.ll 

• TPAP(  Jt  R ) = ATD  J.  rl^CXTC  J l.K  1 »*eP  J-J1*11  ,<-<  1 «■  11  I 

7ll  *TPU"f<J.K»:®TOEK3«J.r>*CXVCJl,<l)*?='E^P<J-Jl*ll*R-«tl*ll> 

7iD  Continue 
7oi  Continue 
700  Continue 
!>ETufi!N 


CNO 
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SUBROUTINE  MUNU 


:iLCUtATE  Gu  IM/O:  FPUSc  orSTTjONS  ON  fOC^L  =LANe, 


SLBROIjTiNE  f'UNU(JG.'^'fOLC.C.rETU,X!.ETa.f'J,NL) 
DIMS  NS  Ion  UC(3).«TOLO(3),r(?),X»fT),ETA(3).R(3) 
PEAL  f-UtNU 

CALL  SUr-(i;TCLC*C»F**I) 

Call  lvect( fi  .p  .cn, tf ) 
call  SL'm(  fi  tLG,P,-l) 

CALL  COT(  C , X I tfiL  ) 

Call  cotik  .e'^a  .nu) 

nl  =PU/0ETU 
NL5NJ/0' TU 
9ETLRK 
END 


Chapter  7 


Outer  Loop  Laser  Boresight  Error  Control 


tensing  The  Backscatter  Signal 
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Introduction 


7.  1 

In  the  preceding  chapters,  we  developed  a theory  to  describe  the 
statistics  of  the  random  laser  backscatter  from  a l^ser  irradiated  target 
with  both  diffuse  reflection  and  glint  point  reflection,  and  developed  a 
computer  program  to  simulate  the  randomly  fluctuating  backscatter 
intensity  on  a 20  x 20  focal  plane  detector  array.  In  other  chapters 
we  developed  a computer  model  to  allow  simulation  of  a satellite-to- 
satellite  space  engagement  between  a high  energy  laser  pointer /tracker 
shared  aperture  system,  and  a target  satellite.  This  allowed  demonstration 
of  the  laser  pointing  process,  and  demonstrated  the  effects  of  laser 
bias  error  and  of  the  speed-of-light  round-trip  transit  time  delay  effect 
in  determining  the  miss  laser  distance  relative  to  the  aim-point  on 
the  target.  We  assiuned  that  the  target  aim-point  was  well  defined  and 
could  be  sensed  by  the  imaging  portion  of  the  shared  aperture. 

The  target  tracking  was  entirely  local,  based  on  the  sensed 
aim-point  position,  so  that  a high  servo  bandwidth  ( 100  Hz  , type  2 
servo)  could  be  achieved,  and  the  target  tracking  was  very  stable 
though  the  laser  miss  distance  was,  in  general,  quite  substantial.  To 
zero  the  laser  miss  distance  we  exploited  the  fact  that  if  target  image 
tracking  was  stable,  then  the  miss  distance  would  change  only  very 
slowly.  This  allowed  us  to  formulate  the  concept  of  an  outer  loop  bias 
control  that  would  sense  the  laser  miss  distance  and  allow  that  information 
to  adjust  the  image  tracker  demodul4tion  process  in  the  high  bandwidth 
local  tracker  loop.  This  could  be  adjusted  to  cause  the  true  miss  distance 
to  go  to  zero.  This  process  involves  a round-trip  transit  time  delay  from 
the  shared  aperture  laser  transmitter  to  the  target  and  then  back  to  the 
shared  aperture  receiver,  and  so  this  outer  loop  bias  control  was 


necessarily  low  bandwidth  — but  so  long  as  the  bias  type  errors  only 
changed  very  slowly,  this  low  bandwidth  was  entirely  adequate.  In  a 
previous  report,  assuming  that  the  shared  aperture  received  could  precisely 
determine  the  apparent  laser  miss  distance,  we  showed  how  this  bias 
control  outer  servo  loop  coxild  be  implemented  and  developed  a computer 
simulation  to  model  the  low  bandwidth  outer  servo  loop  (on  top  of  the  high 
band  target  aim-point  tracking  loop)  , and  were  able  to  demonstrate  the 
achievement  of  a negligibly  small  laser  miss  distance. 

Our  present  concern  is  to  show  that  the  laser  miss  distance  can 
be  determined  from  the  random  laser  backscatter  signal  with  enough 
accuracy  to  allow  good  control  of  the  laser  miss  distance.  In  particular, 
we  are  concerned  with  the  effect  of  any  possible  glint  point  in  the  immediate 
vicinity  of  the  aim-point.  We  assume  that  by  some  mechanism  the  laser 
boresight  error  has  been  controlled  well  enough  so  that  the  laser  strikes 
the  target*  , but  that  because  of  the  possible  presence  of  a glint  point, 
the  center  of  gravity  of  the  laser  radiation  as  formed  on  an  image  of  the 
backscatter  compared  to  the  location  of  the  aim-point  on  the  image,  can 
not  be  used  to  tell  what  the  laser  miss  distance  is.  Our  approach  here 
is  to  take  advantage  of  the  fact  that  the  diffuse  return,  which  is  a good 
indicator  of  the  laser  spot  position,  fluctuates  (randomly)  in  time  while 
the  glint  return  will  be  constant  in  time  (so  long  as  the  laser  spot  is  nearly 
stationary  on  the  target)  , so  that  we  can  distinguish  between  the  two 


* A possible  method  of  getting  the  laser  beam  to  strike  the  target  in  the 
presence  of  a large  initial  laser  boresight  error  would  be  to  deliberately 
scan  the  beam  in  a raster  pattern  around  the  nominal  target  position.  The 
timing  of  the  receipt  of  the  backscatter  signal  (indicating  that  the  laser  was 
on  the  target),  in  conjunction  with  (approximate)  knowledge  of  the  round- 
trip  delay  time,  and  of  the  raster  scan  rate  will  allow  the  pointing  control 
system  to  determine  the  boresight  error  well  enough  to  get  the  laser  on 
the  target. 
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parts  of  the  backscatter  signal.  This  allows  us  to  use  the  calculated 
center-of-gravity  of  the  diffuse  return  to  determine  the  laser  spot 
position  on  the  target  and  thus  the  laser  miss  distance  with  respect  to 
the  aim>  point. 

In  this  chapter  we  shall  first  present  the  details  of  the  rather  simple 
theory  that  allows  us  to  separate  the  diffuse  from  the  glint  returns.  In 
the  section  after  that  we  will  present  a computer  simulation  program, 
drawing  on  our  previous  work,  that  will  attempt  to  separate  the  diffuse 
from  the  glint  reform  and  calculate  the  laser  spot  position,  in  the 
presence  of  a nearby  glint  point.  We  shall  see  from  the  results 
presented,  that  even  in  the  presence  of  a very  strong  nearby  glint  point, 
an  accurate  laser  spot  position  determination  can  be  made.  In  the  final 
section  we  shall  modify  this  simulation  to  use  the  estimated  laser  spot 
position  to  allow  laser  miss  distance  control,  and  shall  show  that  it  is, 
in  general,  possible  to  drive  the  miss  distance  to  a fraction  of  a spot 
diameter. 


7.  2 Separation  of  Diffuse  and  Glint  Returns 


From  the  theoretical  results  developed  previously  we  know  that 
the  statistics  of  the  laser  backscatter  signal  falling  on  any  point  (any 
single  detector)  , in  the  focal  plane  of  the  shared  aperture  (backscatter) 
receiver  are  described  by  considering  the  signal  to  be  composed  of 
three  amplitude  components  SIg  (t)  , 81  n (t)  , and  81  (t)  , which  we 

can  write  as 

^6  \ [(2nict/\)  + i0Q]  (1) 

91  II  (t)  = A,|  ( t ) exp  [ ( 2 n i c t / A.  ) + i 00  ] (2) 

8Ij^(t)  = Aj^(t)  exp  [(2n  i c t/X)  + (I  n i)  + i 00  ] (3) 

Here  0q  is  an  arbitrary  phase  factor,  c = 3 x 10®  m/sec  is  the  speed 
of  light,  and  X is  the  laser  wavelength.  The  glint  amplitude,  , 

is  constant.  The  two  amplitudes  A n (t)  and  A^^  (t)  are  statistically 
independent,  time  varying  gaussian  random  variable,  which  we 
associate  with  the  diffuse  scattering  processes,  and  which  wovild  be 
present  with  this  same  amplitude,  whether  or  not  the  glint  return  were 
present. 

The  time  dependence  of  A n ( t)  and  of  A ( t)  are  very  slow 
compared  with  the  optical  frequency  time  dependence  of  exp  (2nict/X). 
The  signal  intensity  due  to  these  three  components  will  be 

Is  (t)  = I [81  (t)]*  81  (t)  , (4) 


whe  re 
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SI  (t)  =SIo  (t)  +81 II  (t)  +8Ij.(t)  . 


(5) 


The  intensity  that  we  would  expect  from  the  diffuse  return,  [ i.  e.  , 

(t)  when  there  is  no  glint  return]  , can  be  written  as 

lo  i C SI  II  (t)  + II  (t)  ]♦  [ II II  (t)  + SI  j.  (t)  ] . (6) 

We  would  like  to  determine  the  mean  value  of  Ip  (t)  , i.  e.  Ip  from 
the  time  varying  nature  of  Ij  (t)  . We  shall  show  in  what  follows 
that  we  can  determine  Ip  from  the  mean  and  variance  of  1^  (t ) , i.  e, 
from  Ij  and  Var,  . First,  we  define 


I’d  = 

< lo  (t)  > . 

(7) 

i'5  = 

<Is  (t))  . 

(8) 

Var, 

= < [I,(t)  -I,  ]2  > , 

(9) 

where  the  angle  brackets  have  the  meaning  of  an  ensemble  averaging 
process.  If  we  can  calculate  Ip  from  the  quantities  I,  and  Varj  , 
which  we  can  measure*  from  the  focal  plane  signal  Ij  (t)  , we  can 
then  estimate  the  apparent  laser  spot  position  by  taking  a weighted 
average  of  the  calculated  values  of  Ip  over  the  focal  plane.  This 


* Our  estimation  of  I,  and  Varj  will,  in  the  system  simulation,  be 
based  on  the  assumption  that  temporal  averaging  can  be  equated  with 
ensemble  averaging,  and  that  we  have  an  adequate  temporal  data  base. 
In  practice,  we  shall  always  be  significantly  limited  by  the  fact  that 
our  temporal  data  base  is  very  short. 
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will  give  us  the  nominal  centroid  of  the  diffuse  return  portion  of  the  laser 
backscatter  image  and  thus  the  nominal  location  of  the  laser  spot  on  the 
target  image. 


't; 

t 


Combining  Eq.  's  (1),  (2),  (3),  (4),  and  (5)  it  can  be  shown  that 

Is  (t)  = ^ { [ + A„  (t)  ]2  + [ (t)  ]2  3 . (10) 

Proceeding  similarly  but  making  use  of  Eq.  's  (2) , (3)  , and  (6)  we  get 

Id  (t)  = iC  [A||(t)  ]2  +[A^(t)]2  3 . (11) 

Making  use  of  the  fact  that  A||  (t)  and  A^^  (t)  are  each  guassian  random 
variable  with  zero  mean  and  the  same  standard  deviation,  which  we  denote 
by  a ^ , so  that  we  can  write 

a*®  = < [ A||  (t)  ]2  ) , (12a) 

= < [ A^(t)]2>  , (12b) 

I 

(13)  I 

In  order  to  evaluate  I,  we  must  first  note  that  since  A||  ( t)  is  a zero 
mean  random  variable,  then 


then  it  is  easy  to  obtain  from  a combination  of  Eq.  's  (7),  (11),  and 
(12),  that 


< A|,  (t)  ) = 0 . 


(14) 


Thus  when  we  seek  to  evaluate  I,  from  Eq.  's  (8),  (10),  and  (12),  we 
get 


I*  = I CC  + 2 < A|,(t)  > 

= . (15) 

In  carrying  out  an  evaluation  of  Varj  , starting  from  Eq.  's  (9), 
and  (10)  , we  obtain 

Var,  = i <[  [ A,  +A„  (t)  ]=  + [ A^  (t)  ]2  - ZT,  > 

= i <C  [ A,  +A„  (t)  ]^  + 2[  A,  +A„  (t)  ]2  [ A^  (t)  ]2 

+ [ Aj_(t) 

- <C  [ A,  +A„  (t)  32  + [ A^(t)  + [ A^(t)  ]2  ]>  +13  2 

= i <C[A,  + A,|  (t)  3^  + 2 [A3  +A|,  (t)  3M  Ax(t)  ] = 

+ [ Aj,  (t)  3*  ) - 13  2 . (16) 


From  the  statistical  independence  of  A||  (t)  and  A ( t ) it  follows  that 


< [ A||  (t)  3MA^(t)  3=  ) = < [A„  (t)3=><[A^(t)33>  , (17) 
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while  from  the  fact  that  A||  ( t)  and  Aj^  { t)  are  each  zero  mean  gaussian 
random  variables  it  follows  that 


< [ A,|  (t)  ]M 

= 3 < [A|,(t)  ]2  >2  . 

(18a) 

< [ A^(t)  > 

= 3 < [ Aj^(t)  >2  . 

(18b) 

< [ A„(t)  ]3  ) 

= 0 . 

(19) 

Making  use  of  Eq.  's  (14),  (17),  (18),  and  (19)  we  can  reduce  Eq.  (16)  to 
the  form 


Var3  = i { A^-^  +6A^2  < |;  a„  (t)  ]2  ) +3  < [ A„(t)  ) = 

+ 2 A^2  < [ A^(t)  > + 2 < [ A||  (t)  ]2>  < [ Aj^(t)  ]=  > 

+ 3 < [ A^(t)  ]2>  2 } 

= i [ A^S8A,2  + 8 ( a, 2 M ) = 

= + ( cj*®  ) ^ . (20) 

Making  use  of  Eq.  (13)  we  can  rewrite  Eq.  's  (15),  and  (20)  as 

i’s  = + I'd  . (21) 

Var3  = CA,2  +1,  )!,  . (22) 
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Our  problem  now  reduces  to  solving  this  set  of  simultaneous  quadratic 
equations  for  in  terms  of  T,  and  Var,  . 


Proceeding  in  a straightforward  manner,  we  obtain  from  Eq.  (21) 


= 2(13  - I,  ) . (23) 

Substituting  this  into  Eq,  (22)  we  get 

Varj  = ( 213  -Tp  ) I3  . (24) 

which  we  recast  in  the  standard  quadratic  equation  form  as  ^ 

TpS  _ 2 Ip  r3  + Var,  = 0 . (25) 

The  solution  to  this  equation  is 

Ip  = 2 13  ± [(  -2  13  )S  - 4 Vars  . (26) 

2 


The  plus/minus  sign,  however,  must  be  restricted  to  the  positive  value  if 
Ip  is  to  be  less  than  1 3 , which  we  know  it  must  be  to  maintain  the  glint 
intensity  ( § ® ) as  a non-negative  quantity.  Thus  we  write 


lo  = Is  - n Is  - Var3  . 


(27) 


With  this  equation  we  can  calculate  Ip  from  the  measured  mean  and  variance 
of  the  detector  signals.  With  this  result  in  hand,  we  are  ready  to  proceed 
with  our  estimation  of  the  laser  spot  position  from  the  fluctuating  laser 


backscatter  image.  We  treat  this  matter  in  the  next  section. 


7.3 


Laser  Spot  Position  Estimation 


Using  the  computer  simulation  program  developed  in  a previous 
report,  and  making  use  of  Eq.  (27),  we  are  now  ready  to  consider  simulation 
of  the  laser  spot  position  estimation  problem.  Because  we  have  assumed 
that  the  glint  return  is  constant,  and  since  we  will  be  using  temporal 
averaging  in  place  of  ensemble  averaging  it  is  necessary  that  the  laser 
spot  be  nearly  stationary  on  the  target  for  the  period  of  our  backscatter 
fluctuation  measurement.  Accordingly,  we  have  assumed  that  backscatter 
signal  variability  measurements  should  not  start  till  after  two  times 
the  inverse  of  the  servo  bandwidth.  In  our  simulation,  with  a 100  Hz  servo 
bandwidth,  this  corresponds  to  0.  020  sec.  Furthermore,  to  allow  for 
round-trip  transit  time  effects,  a total  time  of  0.  0066  sec,  we  should 
wait  0.0266  sec.  As  a measure  of  caution,  and  to  allow  for  a simulation 
start-up  delay  of  0.0033  sec,  in  our  simulations  we  have  chosen  to 
allow  a total  of  0.030  sec  before  we  start  to  collect  backscatter  signal 
fluctuation  statistics. 

In  Tables  la  to  1-fc  , which  we  generated  with  the  program  listed  in 
Appendix  I , we  show  the  true  and  estimated  positions  of  the  laser  spot 
in  terms  of  the  focal  plane  coordinates  , Vp  , for  various  glint 

point  positions.  Results  are  shown  every  millisecond  starting  at 
0.031  sec  and  continuing  to  0.  101  sec.  For  the  engagement  simulated 
the  glint  point  strength  was  taken  to  have  Ig  = lx  10®  , i.  e.  , if  the 

laser  spot  were  exactly  centered  on  the  glint  point,  the  strength  of  the 
glint  return  would  be  1000  times  the  strength  of  the  diffuse  return. 

The  engagement  simulation,  like  many  of  those  we  have  ran  previously 
involved  a target  at  R = 1.0  Mm  range,  closing  at  1.0  X 10^  m/sec, 
and  with  a crossing  velocity  of  50.  m/sec.  The  shared  aperture  system 
had  a guassian  amplitude  transmission  taper  with  a standard  deviation 
of  a = I'O  The  laser  wavelength  is  X.  = l,0xl0“®  m. 
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Under  these  engagement  conditions  the  laser  spot  on  the  target  has 
a gaussion  intensity  taper  with  a standard  deviation  of  C)  = 0.  1125  m, 
and  a corresponding  "diameter"  of  2a|  = 0.225  m.  The  focal  plane 
array  has  detector  elements  whose  angular  subtense  is  ( k c ) = 

0.  159  prad,  which  is  equivalent  to  0.  159  ni  on  the  target.  This  is 
about  two-thirds  of  the  laser  spot  diameter.  The  backscatter  statistics 
will  fluctuate  with  a characteristic  period  of  T^  = 0.003536  sec,  and 
a correlation  time  of  4T^  = 0.01414  sec  . 

The  question  of  how  long  we  have  to  wait  to  get  reasonably  accurate 
statistics  is  perhaps  best  judged  by  comparison  of  the  estimated  and  true 
values  of  ( pp  , V(,  ) in  Tables  la  to  If  . To  facilitate  our  visualization 
of  this  data,  in  Fig.  's  la  and  lb  we  show  the  estimated  laser  spot 
coordinates  as  a function  of  the  glint  point  position  for  the  estimate  formed 
after  30  msec  (i.  e.  at  t = 0.060  sec),  and  after  70  msec  (i.  e.  at 
t = 0.  100  sec).  There  does  not  appear  to  be  a clear  distinction  between 
the  two  sets  of  values.  Accordingly,  considering  the  need  to  form  the 
estimate  as  quickly  as  possible,  we  propose  to  use  the  estimate  formed 
after  30  msec,  i.  e.  after  only  two  correlation  times. 

There  are  two  things  we  should  note  about  our  results.  First, 
there  does  not  appear  to  be  any  significant  pulling  of  the  estimated  laser 
spot  position  towards  the  glint  point.  This  can  be  seen  directly  from  a 
study  of  Fig.  la  where  we  see  that  the  set  of  estimated  positions  follows  the 
actual  position  much  more  closely  than  it  does  the  glint  point  position. 

In  a sense  this  can  also  be  seen  indirectly  from  a comparison  between 
Fig.  's  la  and  lb,  from  which  we  see  that  in  the  direction  in  which  glint 
pulling  was  significant,  there  was  no  more  spread  or  bias  than  for  the 
direction  for  which  glint  pulling  does  not  exist.  In  Fig.  2 we  show  the 
relative  strength  of  the  glint  return  compared  to  the  diffuse  return  for 
various  glint  point  positions.  As  can  be  seen,  for  the  cases  we  have 


considered,  the  glint  strength  is  generally  very  much  larger  than  the 
diffuse  return  strength. 


i 


I 


I 

f 
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The  second  feature  of  our  results  that  we  should  note  from  Fig.  's 
la  and  lb  concerns  the  spread  in  the  estimated  position.  The  errors 
are  virtually  all  less  than  one  laser  spot  radius.  The  distribution  of  errors 
IS  entirely  compatible  with  the  concept  of  Rayleigh  noise  inherent  in  the 
diffuse  laser  spot  and  the  use  of  such  a short  measurement  period.  ; 

J 

Accordingly,  we  expect  that  if  we  could  have  allowed  a measurement  period  , 

i 

that  were  many  times  the  backscatter  signal  correlation  time,  (as  would 
naturally  be  the  case  if  the  target  had  a higher  crossing  velocity),  then 
the  spread  in  the  estimates  of  the  laser  spot  position  would  be  much 
smaller.  In  any  case,  the  significant  point  is  that  the  errors  are  apparently 
always  of  the  order  of,  or  less  than  the  laser  spot  radius. 

With  this  validation  of  our  technique  for  estimation  of  the  laser 
spot  position,  even  in  the  presence  of  a strong  glint  point,  we  are  now  ready 
to  proceed  to  the  task  of  closing  the  boresight  error  control  loop.  We 
shall  take  this  up  in  the  next  section  using  the  same  approximately  two 
correlation-times  measurement  period  that  seemed  to  work  well  enough 
here. 
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Boresight  Error  Control  Simvtlation 


In  order  to  demonstrate  that  we  could  combine  all  of  the  previously 
developed  features  into  one  closed  loop  boresight  error  control  operation, 
the  computer  program  listed  in  Appendix  II  was  prepared.  In  this  computer 
simulation  the  inner  loop  100  Hz  bandwidth  image  tracking  servo  has  its 
boresight  error  corrected  by  a petiodically  updated  boresight  error 
estimate,  using  the  first  order  periodic  update  servo  concept  developed 
in  a previous  report.  In  the  simulation, the  boresight  error  is  estimated 
from  a determination  of  the  laser  spot  position  made  by  observing  the 
fluctuating  part  of  the  laser  backscatter  image,  as  described  in  the 
previous  sections.  For  our  simulation,  based  on  a target  at  a range  of 
1. 0 Mm,  with  a crossing  velocity  of  50.  msec  , we  used  a 30  msec 
observation  period  and  a 30  msec  gimbal  update  slew  and  settle  time. 

Results  are  shown  in  Table  2a  for  a glint  point  0.  25  m from  the 
aim-point,  so  that  with  the  laser  spot  on  the  aim- point  the  glint  return 
is  about  85  times  the  strength  of  the  diffuse  return.  As  can  be  seen, 
this  configuration  is  able  to  reduce  the  initial  boresight  error  of  0.43  m, 
i.e.  about  2 laser  spot  diameters  (0.43  prad)  to  a value  of  the  order  of 
one-half  a spot  diameter  or  less.  In  Tables  2b(l)  to  2b(4),  we  show  a 
series  of  nearly  equivalent  runs  except  that  in  this  case  the  glint  spot 
is  0.  35  m from  the  aim-point , so  its  backscatter  strength  is  about 
8 times  the  diffuse  scattering  signal  level.  Here  again,  it  is  seen, 
from  the  data  in  these  Tables,  and  their  representation  in  Fig.  's  3a  to 
3d,  that  the  initial  2 laser  spot  diameter  miss  distance  can  be  reduced 
to  the  order  of  one-half  a spot  diameter. 

These  results  can  be  considered  a demonstration  of  the  concept 
that  laser  spot  position  can  be  determined  even  in  the  presence  of  strong  glint 
from  the  fluctuating  part  of  the  backscatter  signal.  It  is  probably  also 


worth  noting  that  the  Rayliegh  statistics  of  the  backscatter  signal,  which 
limited  the  accuracy  of  the  laser  spot  position  determination,  would  have 
a less  deleterious  effect  if  the  targets  crossing  velocity  were  higher,  or 
if  the  target  surface  were  subject  to  some  minor  vibrations.  This  would 
reduce  the  backscatter  correlation  time  and  thus  improve  the  quality  of 
our  averaging  processes. 

But  almost  certainly,  the  key  achievement  of  this  work  is  the 
demonstration  of  the  very  important  concept  that  high  servo  bandwidth 
tracking  can  be  combined  with  round-trip  pointing  error  sensing  to 
control  boresight  errors,  even  in  the  case  of  a space  engagement  at  very 
long  ranges  ! Extension  of  this  general  concept  to  more  complex  control 
aspects  of  a high  energy  laser  space  engagement  should  be  straightforward. 
We  expect  to  be  able  to  apply  an  extension  of  the  principles  we  have 
demonstrated  here,  to  the  problem  of  adaptive  optics  control  with  a high 
local  servo  bandwidth,  but  with  a low  bandwidth  outer  loop  to  control 
errors  in  the  local  wavefront  distortion  sensor  system  ! 
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Figure  7.  la  Estimated  Laser  Spot  Position  Along  ^ - Axis. 

The  results  correspond  to  the  data  in  Tables  la  to  1 X . 
Fig.  2 shows  the  glint  strength  as  a function  of  pg  for 
this  data. 
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Figure  7.  lb  Estimated  Ijaser  Spot  Position  Along  7]  - Axis. 

The  results  correspond  to  the  data  in  Tables  1 a to  1 j(  . 
Fig.  2 shows  the  glint  strength  as  a function  of  p,g  for 
this  data. 
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Figure  7.2  Relative  Glint  Strength. 


For  these  results,  which  correspond  to  the  cases  giving 
rise  to  the  data  in  Fig.  's  la  and  lb,  the  laser  spK>t  was 
) = ( -1.  15  , 0.  0 ) , while  the  glint  point  is 
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Figure  7, 3a  , Closed  Loop  Boresight  Error  Control:  Data  from  Table  2b  (1) 
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Figure  7.3  b Closed  Loop  Boresight  Error  Control:  Data  Xrom  Table  2 b (^) 
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Figure  7.3  c Closed  Loop  Boresight  Error  Control:  Data  from  Table  2b  (3) 
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Figure  7.3d  Closed  Loop  Boresight  Error  Control:  Data  from  Table  2b  (4) 


Table  7.1 

Laser  Spot  Position  Estimation 


In  Tables  la  to  IX  we  show  results  of  the  simulation  and  estimation  process 
for  determination  of  the  laser  spot  position  in  the  presence  of  glint,  for 
various  glint  point  positions.  All  positions  are  shown  here  in  focal  plane 
units  [ i.  e.  in  terms  of  the  detector  width,  (k  a)"^  = 0.  159  prad  ] . 

The  simulation  results  are  for  a target  at  1 Mm  range  with  a closing 
velocity  of  1.  x 10*  m/sec  and  a crossing  velocity  of  50.  m/sec.  The 
shared  aperture  system  has  a gaussian  taper  with  a one  sigma  radius 
of  1.0  m.  The  laser  wavelength  is  1.0  pm.  The  glint  strength  is 
1000  times  the  diffuse  strength  when  the  laser  spot  is  centered  on  the 
glint  point,  and  has  an  effective  strength  that  varies  with  the  glint  point 
position  (relative  to  the  laser  spot  position)  in  accordance  with  the  data 
of  Fig.  2.  The  results  shown  here  were  generated  using  the  computer 
program  listed  in  Appendix  I. 
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-1  .6  ? 

-1.15 

-C  .25 

o.oc 

-4.4  0 

-o.oc 

C .t  3* 

-1.6  3 

-1.15 

-C.23 

c.oc 

-4.6  0 

-o.oc 

C .c  3< 

-1  .6  2 

-1.15 

-C.21 

o.oc 

-4.40 

-o.oc 

c .t  3: 

-1.6  1 

-1.15 

-C  .2  0 

o.oc 

-4.6  0 

-o.oc 

C .E3f 

-1.6  0 

-1.15 

-C.eS 

o.oc 

-6.40 

-o.oc 

C .C  3« 

-1  .2  9 

-1.15 

-C.26 

-o.oc 

-4.6  0 

o.oc 

C .C  AC 

-1  .2  6 

- 1.  IS 

-C  .«  4 

-o.oc 

-6  .6  C 

c.oc 

C .C  41 

-1  .27 

-1.15 

-C.e2 

-o.oc 

-6.6  0 

o.oc 

C .C  42 

-1  .2  9 

- 1.15 

-C  .2  0 

-o.oc 

-6.60 

o.oc 

C .C4! 

-1.29 

-1.15 

-C.  18 

-o.oc 

-6.60 

o.oc 

C .C4^ 

-1  .2  8 

-1.15 

-C.16 

-o.oc 

-6  .6  <3 

o.oc 

C .C45 

-1.24 

-1.15 

-C  .1  4 

0.  oc 

-4  .4  0 

-O.GC 

C .C4< 

- 1 • c 8 

- 1 . IS 

-C.15 

o.oc 

-6  .60 

-o.oc 

C .C  47 

-1.17 

-1.15 

-C.18 

c.oc 

-4.40 

-o.cc 

C .C46 

-1.12 

-1.15 

-C  .20 

o.oc 

-4.60 

-c.oc 

C .C  4< 

-1  .C  7 

- 1.15 

-C  .24 

o.oc 

— 6.60 

-o.oc 

C .C  5C 

-C  .«  9 

-1.15 

-C.27 

o.oc 

-4  .4  0 

c.oc 

C .C  51 

-C  .e  3 

-1.15 

-C.21 

-o.oc 

-4.40 

o.oc 

C .C52 

-C  .E  B 

-1.15 

-C  .23 

-o.oc 

-4.6  0 

o.oc 

C .C  52 

-C  .f  5 

-1.15 

-C.25 

-o.oc 

-6.6  0 

o.cc 

C.C54 

-C  .E  4 

-1.15 

-C.27 

-o.oc 

-6.6  0 

o.oc 

C .C  55 

-C  .E5 

-1.15 

-C  .23 

- 0.  oc 

-4  .4  0 

o.oc 

C .C  5< 

-C  .E  4 

-1.15 

-c.2e 

o.oc 

-4.6  0 

-o.oc 

C .C  57 

-C  .E  4 

-1.15 

-C.23 

o.oc 

-6.40 

-o.oc 

C .C  5? 

-C  .E4 

- 1.15 

-C.27 

c.oc 

-4.60 

-o.oc 

C .C  54 

-C  .E5 

-1.15 

-C  .26 

o.oc 

-6.60 

-o.oc 

C .C6C 

-C  .E  8 

-1.15 

-C.25 

o.oc 

-6.60 

-o.oc 

C .C  61 

-C  .E9 

-1.15 

-C  .24 

o.oc 

-6.6  0 

-o.oc 

C .C  6c 

-C  .«  0 

-1.15 

-C.22 

-o.oc 

-4.60 

o.oc 

C .C  62 

-C  .'2 

-1.15 

-C  .2  0 

-o.oc 

-4.6  0 

o.oc 

C .C6^ 

-C  .47 

-1.15 

- C . 2 6 

-o.oc 

-6.60 

o.oc 

C .C6! 

-1  .C  1 

- 1.15 

-C.22 

-o.oc 

-6.40 

c.oc 

C .r  66 

-1  .f  5 

-1.15 

-C  . 1 ^ 

-0.  oc 

-6.6  0 

o.oc 

C .C  67 

-1  .C  8 

•1.15 

-C.15 

o.oc 

-6.6  0 

-o.oc 

c .C6e 

-1.11 

-1.15 

-C  . 1 1 

o.oc 

-6.60 

-c.oc 

C .C  6« 

-1.14 

-1.15 

-C.C8 

c.oc 

-4.60 

-o.oc 

c .t  7r 

-1.16 

-1.15 

-c.cs 

o.oc 

-6.60 

-o.oc 

C .t7l 

-1.18 

-1.15 

-C.r  2 

o.oc 

-6.40 

-o.oc 

C .c  7c' 

-1  . c 0 

-1.15 

C .c  0 

c.oc 

-4.40 

-o.oc 

C .C72 

-1  .c  2 

-1.15 

C.C7 

-o.oc 

-4.40 

o.oc 

C ,C  7< 

- 1 . c 4 

-1.15 

C.C5 

-o.oc 

-4.60 

o.oc 

C •€  7; 

-1  .c  3 

-1.15 

C.C3 

-o.oc 

-4.6  0 

o.oc 

C .C7# 

-1 .23 

-1.15 

C .1  1 

-o.oc 

-4.60 

o.oc 

C .C  77 

-1.2  4 

-1.15 

C.l? 

- o.oc 

-6.60 

o.cc 

C .C7f 

-1  .2  4 

-1.15 

C.  14 

-o.oc 

-4.6  0 

o.oc 
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C .t7« 

-1  .?5 

-1.15 

C.  15 

O.OC 

-<  .«  0 

-O.OC 

C .CSC 

■“  1 • < 6 

• 1 . 1 5 

C.17 

O.OC 

-<  .t  0 

-O.OC 

C .C81 

-1  .«  6 

-1.15 

C.16 

O.OC 

-4  .<0 

-O.OC 

c .c 

-1  .«  6 

-1.15 

C.16 

O.OC 

-4.39 

-O.OC 

c .cs; 

-1.26 

- 1.15 

C.16 

O.OC 

-4.36 

-O.OC 

C •C 

-1.2  6 

-1.15 

C.16 

-O.OC 

-4.39 

O.OC 

C .C8! 

-1*26 

- 1.15 

C.16 

-O.OC 

-4.39 

O.OC 

C .C8< 

-1.2  6 

-1.15 

C.16 

-O.OC 

-4 .39 

O.OC 

C .C8- 

-1.26 

-1.15 

C.16 

-0.0c 

-i  .39 

O.OC 

C .C8( 

-1.2  6 

-1.15 

C.15 

-O.OC 

-4.39 

O.OC 

c .ce^ 

-1.2  6 

- 1.  IS 

C.15 

-O.OC 

-4.39 

O.OC 

c .oc 

-1  .2  5 

-1.15 

C.15 

O.OC 

-4.39 

-o.cc 

C .C91 

-1  .2  5 

-1.15 

C.14 

O.OC 

-4.39 

-O.OC 

C.C9« 

-1.24 

- 1.15 

C.14 

O.OC 

-4.39 

-O.OC 

C.C93 

-1  .23 

-1.15 

C.13 

O.OC 

-4.39 

-O.OC 

C .C9« 

-1.2  3 

-1.15 

C .13 

O.OC 

-4.39 

-o.cc 

C .C9! 

-1  .2  2 

-1.15 

C.  12 

O.OC 

-4.39 

-o.cc 

C .C  9< 

-1.2  1 

-1.15 

C .1  1 

-O.OC 

-4.39 

O.OC 

c .c  9; 

-1.20 

-1.15 

C.  1 1 

-O.OC 

-4.39 

O.OC 

C .C96 

-1.19 

- 1.15 

C.  10 

-O.OC 

-4.39 

O.OC 

C .C9e 

-1.10 

-1.15 

C.C9 

-O.OC 

-4.39 

O.OC 

C . 1 oc 

-1.17 

-1.15 

C .C0 

-O.OC 

-4.39 

O.OC 

C . ] 0} 

-1.17 

- 1.  15 

C.C0 

O.OC 

-4.39 

-O.OC 
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Closed  L>oop  Bore  sight  Error  Control 


Laser  spot  position  is  estimated  from  the  bapkscatter  statistics.  The 
engagement  parameters  used  for  this  set  of  simulation  runs  is  the  same 
as  those  used  in  Table  1,  except  that  here  for  Table  2 a , the  glint  point 
position  is  1.57  detector  widths  (i.  e.  1.57  X 0.  159  l^rad  x 1 X 10®  = 

0.  25  m from  the  aim- point),  while  in  Tables  2b(l)  to  2b{4)  the  glint 
point  position  is  2.  20  detector  widths  (i.  e.  0.  35  m from  the  aim-point. ) 
The  glint  strength  in  the  two  cases  correspond  to  85.0  and  7.91  times 
the  diffuse  laser  backscatter  when  the  laser  spot  is  near  the  aim-point. 
The  boresight  control  process  timing  can  be  inferred  from  the  fact  that 
when  the  p , v data  values  are  listed,  the  backscatter  signal  is  being 
monitored  to  determine  the  current  estimated  laser  spot  position  as  seen 
on  the  target.  At  the  end  of  this  period  the  boresight  error  control  loop 
is  updated  and  in  the  next  30  msec  period,  during  which  no  new  p , v 
values  are  printed,  the  gimbals  slew  ^nd  settle,  before  the  next  back- 
scatter signal  measurement  period  is  started.  The  computer  program 
used  to  generate  this  data  ic  listed  in  Appendix  U. 


Table  2a 
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I 


I 

I 


time  MlO  sue 


(SEC  ) 

5ST 

IRIE 

TRUE 

0.012 

2.6  3 

3 .C5 

-0.34 

O.OC 

0.033 

2.64 

3 .C4 

-0. 3S 

o.oc 

0.034 

2.64 

3 .C4 

-0.  36 

-O.OC 

0.035 

2.6  3 

3 .C4 

-0.36 

-0.00 

0.016 

2.63 

3 .C3 

-0.36 

-O.OC 

0.017 

2.62 

3 .C3 

-0.35 

-o.oc 

0.  01  8 

2 .61 

3 .C3 

-n.  35 

-o.oc 

0.039 

2.60 

3 .C3 

-0.34 

o.oc 

0.040 

2.60 

3 .C4 

-0.32 

o.oc 

0.  0<  1 

2.6  0 

3 .C4 

-0.31 

O.OC 

0.042 

2.60 

1.C4 

-0.3C 

o.oc 

0.  04  3 

2.6  0 

3 .C4 

-0.25 

o.oc 

0.  044 

2.6  0 

1 .C4 

-0.28 

o.oc 

0.04  5 

2.6  0 

3 .C4 

-0.28 

-o.oc 

0.  046 

2.79 

3 .C4 

-0.25 

-o.oc 

0.  047 

2.78 

3 .C4 

-0.29 

-o.oc 

0.  04  8 

2.77 

3 .C4 

-0.3C 

-o.oc 

0.049 

2*76 

3 .C4 

-0.3C 

-o.oc 

0.050 

2.7  5 

3 .C4 

-0.29 

o.oc 

0.  OS  1 

2.74 

3 .C4 

-0.28 

o.oc 

0.  05  2 

2.7  3 

3 .C4 

-0.27 

o.oc 

0.  OS  3 

2 . / 3 

3 .C4 

-0.24 

o.oc 

0.0S4 

2.72 

3 .C4 

-0.21 

o.oc 

0.  05  5 

2.7  3 

3 .C4 

-0.  17 

0.00 

0.  056 

2.73 

3 .C4 

-0.  13 

-o.oc 

0.  OS  7 

2.74 

3.C4 

-0.05 

-o.oc 

0.0S8 

2.76 

3 .C4 

-0.05 

-o.oc 

0.  OS  9 

2.77 

3 .C4 

-0.01 

-o.oc 

0.060 

2.79 

3 .C4 

0.03 

-o.oc 

0.  06  1 

2.60 

3 .C4 

0.  06 

-o.oc 

0. 06  2 

2.6  2 

3 .C4 

0.09 

o.oc 

0.  06  3 

2.6  3 

3 .C4 

0.11 

o.oc 

0.  06  4 

2.6  5 

3 .C4 

0.  13 

o.oc 

0.065 

2.66 

3 .C4 

0.  14 

o.oc 

0.  06  6 

2.6  7 

1 .C4 

0.  16 

o.oc 

O.Q<7 
0.  OE  8 
0. 0<  9 
0.  070 
0.071 
0.072 
0.07  3 
0.07^ 

0.  07  5 
0.076 
0.077 
0.  078 
0. 079 
0.  OEO 
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MUT 

KUT 

HUG 

NLG 

HISS 
(H  ) 

C.32 

C.CO 

-1.57 

O.OC 

0.43 

C .32 

-C  .CO 

-1.57 

-O.OC 

0.43 

C.31 

-C.CO 

-1.57 

-O.OC 

0.43 

C.31 

-C.CO 

-1.57 

-O.OC 

0.43 

c.31 

-C.CO 

•1.57 

-o.oc 

0.43 

c.31 

-C.CO 

-1.57 

-o.oc 

0.43 

c.31 

-C.CO 

-1.57 

-o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

0.31 

C .CO 

-1.5^7 

o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

C .3  1 

C.CO 

-1.57 

o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0 . 43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

C.31 

-C.CO 

-1.57 

-o.oc 

0.43 

C.31 

-C.CO 

-1.57 

-o.oc 

0 .43 

C.31 

-C.CO 

-1.57 

-o.oc 

G . 43 

C.31 

-C.CO 

-1.57 

-o.oc 

0.41 

C.31 

-C  .CO 

-1.57 

-o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0 .43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

0 .31 

C.CO 

-1.57 

o.oc 

0 .43 

0 .31 

-C.CO 

-1.57 

-o.oc 

0.43 

C.31 

-C.CO 

-1.57 

-o.oc 

0.43 

C.3  1 

-C  .CO 

-1.57 

-o.oc 

0.43 

C.31 

-C.CO 

-1.57 

-o.oc 

0.43 

C.31 

-C  .CO 

-1.57 

-o.oc 

0.43 

C.31 

-C.CO 

-1.57 

-o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.  43 

C.31 

C.CO 

-1.57 

o.oc 

0.43 

C.3  1 

C.CO 

-1.57 

o.oc 

0.43 

C.31 

C.CO 

-1.57 

o.oc 

0.  43 

C.3  1 

C.CO 

-1.57 

o.oc 

0.43 

0. 4 J 

0.41 
0.41 
0.43 
0.41 
0.  35 
0.  1 1 
0.09 
0. 2C 
0.  21 
0.  u 
0.  oe 
0.02 
0.  06 


k,  I, 


r 
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O.OC  1 
0.062 
0.063 
0.064 
0.065 
0.06  6 
0.067 
0.068 
0.069 
0.  090 
O.OSl 
0.0S2 
0.09  3 
0.0S4 
0.0?5 
0. 096 


0.06 
0.06 
0.06 
0.04 
0.02 
O.OJ 
0.03 
0,02 
0.03 
0 . 0 ;• 
0.02 
0.  33 
0.03 
0,02 
0.03 
0.03 


0.  09  8 

1.6  6 

0. 099 

2 .6  1 

0.  ICO 

2.18 

0.  1C  1 

1.8  9 

0.  1C2 

1.78 

0.  1C  3 

1 .77 

0.  1C4 

1 .8  0 

0.  Its 

1 .87 

0.  Ito 

1 .95 

0.  1C7 

2 .C  5 

0.  It8 

2.13 

0.  1C9 

2.21 

0.110 

2.28 

0.  11  1 

2.3  3 

0.112 

2.27 

0.  113 

2.4  0 

0.114 

2.43 

0.  115 

2.4  5 

0.  116 

2 .47 

0.117 

2.49 

0.118 

2.5  0 

0.119 

2.52 

0.  12  0 

2.5  3 

0.  in 

2.54 

0.  12  2 

2.55 

0.  12  3 

2.5  6 

0.  m 

2.5  7 

0.  125 

2.57 

0.  1<6 

2.56 

0.  127 

2.59 

0.  12  8 

2.6  0 

0.  129 

2.6  1 

0.  12  0 

2.6  2 

3.  12  1 

2.6  3 

0.  122 

2.64 

3. Cl  0.33 
3. Cl  0,3t 

2. C2  0.31 

3. C3  0.28 

2. C4  0.26 

3. C4  0.25 

3.C4  0.25 

2. C4  0.24 

3. C4  0.24 

3.C4  0.23 

3.C3  0.22 

3.C3  0.21 

3.C3  0.2C 

3.C3  0.19 

3.C3  0.16 

3.C4  0.17 

2. C4  0.16 

3. C4  0.15 

3.C4  0.14 

2 . C4  0.12 

3. C4  0.12 

2. C4  0.12 

3. C3  0.11 

3.C3  O.IC 
3.C3  O.IC 
3.C4  0.09 

3.C4  0.09 

2, C4  0,06 

3. C4  0.08 

2. C4  o.oe 

3. C4  0.07 

3.C4  0.07 

2.0“  0.07 

3.C4  0.07 

3.C3  0.06 


-O.OC 

2.98 

-O.OC 

2.98 

-O.OC 

2.99 

-O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2,99 

-O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2 .9'3 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2.99 

-O.OC 

2 .99 

C.16  UlC 
C.16  I.IC 
(.16  I.IC 
(.16  I.IC 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1,11 
C.16  1.11 
C.16  1,11 
C.16  l.M 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C,16  1.11 
C.16  1.11 
C.16  1.11 
C.16  ;.ii 
C.16  1.11 
C.16  1.11 
C.16  1.1] 
C.16  1.1] 
C.16  1.11 
C.16  1.11 
C.}6  1.11 
C,16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 
C.16  1.11 


0.16  0.03 
0.16  0.02 
0.16  0.02 
0.16  0.03 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.33 
0.16  0.02 
0.16  0.02 
0.16  3.03 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
C.16  0.02 
0.16  0.03 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
3.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.02 
0.16  0.32 
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0. 1 
0.  1 
0.  1 
0.1 
0.  1 
0.  1 
o.l 
0.  1 
0.1 
0.  1 
0.  1 
0.  1 
0.1 
0.  1 
0.  1 
0.1 
0.  1 
0.1 
0.  1 
0.  1 
0.1 
0.1 
0.  1 
0.1 
0.1 


3 

4 

5 

6 

7 

8 
9 
0 
1 
2 

3 

4 

5 

6 
7 
6 
9 
0 
1 
2 

' 3 
‘4 
! 5 
6 
*7 


0.0! 
0.0! 
0.0! 
0.0! 
0.  02 
0.0! 
0.05 
0.  oe 
0.09 
0.  1C 
0.09 

o.ipe 

0.  07 
0. 05 
0.05 
0.  05 
0.05 
0.05 
0.07 
0.07 
0.07 
0.07 
0.07 
0.37 
0.  07 


0.  1 


58 


0.07 


0.  l!9 
0.150 
0.  15  1 
0.  1<2 


0.07 

0.07 

0.07 

0,07 


0.  15  4 

3.56 

3.C4 

-0.07 

o.oc 

2.52 

C.C6 

0.74 

0.05 

0.07 

0.  155 

3.52 

^ .c* 

•0.06 

O.OC 

2*62 

C .C6 

0.74 

0.  05 

0. 07 

0.  15  6 

3,57 

3 .C4 

-0. 05 

O.OC 

2.52 

C,C6 

0.74 

3.06 

0.07 

0.  157 

3.5  3 

2 .C4 

-0.06 

O.OC 

2.52 

C.C6  : 

0.74 

0.06 

0.07 

0.  158 

2.50 

3.C3 

-0.05 

-O.OC 

2.52 

C.C6  * 

0.74 

0.05 

0.07 

0.  15  9 

2 8 

3 .C3 

-C.  07 

-C.  OC 

2.52 

C.C6 

0.74 

0.05 

0.07 

0.  170 

! .^  6 

3 .C3 

-0.  OS 

-O.OC 

2.52 

C .C6 

0.74 

0.06 

0.07 

0.  17  1 

3 .4  5 

3 .C3 

-O.IC 

-o.oc 

2.52 

C .C6 

0.74 

0.05 

0.07 

0.  172 

3.4  4 

3 .C3 

-0.11 

-o.oc 

2.52 

C.C6 

0.74 

0.06 

0.07 

0.  17  3 

3.4  2 

3 .C3 

-0.14 

-o.oc 

2.52 

C.C6 

0.74 

0.06 

0.  07 

0.  17  4 

2 .39 

3 .C3 

-0.  15 

o.oc 

2.52 

C .C6 

0.74 

0.05 

0.07 

0.  17  5 

2.36 

3 .C3 

-0.  19 

o.oc 

2.52 

C.C6 

0.74 

0.06 

0.07 

0.  176 

2.3  2 

3 .C3 

-0.21 

o.oc 

2.52 

C.C6 

0.74 

0.06 

0.07 

0.  177 

3 .t  7 

3 .C3 

-0.24 

o.oc 

2.52 

C .C6 

0.74 

0.06 

0.07 

0.  178 

3.22 

3 .C3 

-0.27 

o.oc 

2.52 

C .C6 

0.74 

0.  06 

0.  07 

0.  179 

3.16 

3.C3 

-0.3C 

-o.oc 

2.52 

C.C6 

3.74 

0.  06 

0.07 

0.  ICO 

3 .C9 

3 .C3 

-0.  32 

-o.oc 

2.52 

C .C6 

0.74 

0.06 

0. 07 

0.  If  1 

3 .C4 

2 .C3 

-0.34 

-o.oc 

2 .52 

C.C6 

0.74 

0.05 

0.07 

0.  152 

3 .C  0 

3 .C3 

-3.34 

-o.oc 

2.52 

C .C6 

0.74 

0.06 

0.07 

0.  IE3 

2.97 

3 .C3 

-0.3! 

-o.oc 

2.52 

C .C6 

0.74 

0.06 

0.07 

0.  If  4 

2.9  7 

3 .C3 

-0.32 

-o.oc 

2.52 

C.C6 

0.74 

0.06 

0.  07 

- 290  - 


Table  2a  - Continued 


Page  4 


0. 1C5 

2 .99 

0.166 

3.C2 

0.  167 

3,rs 

0.  168 

3 .C  8 

0.  169 

3.12 

0.  190 

3.14 

0.  I9l 

3.17 

0.  192 

3.19 

0.  19  3 

3.20 

0.  194 

3.2  1 

0.  195 

3.22 

0.  196 

3.22 

0. 197 

3.22 

Q.  198 

3.21 

0,  199 

0. 2C0 

0.2C1 

0.2C2 

0.2C3 

0.2C4 

0.2C5 

0. 2C6 

0.2C7 

0.2C8 

0.  2C9 

0.210 

0.211 

0.  212 

0.213 

0.214 

0.215 

0,216 

0. 21  7 

0.213 

0.219 

0. 220 

0. 22  1 

0.222 

0.223 

0. 22  4 

0.225 

0.  226 

0. 227 

0. 228 

0.  23  0 

2.4  4 

0. 23  1 

2.3  0 

0.  232 

•2.19 

0.  23  3 

2.15 

0.  234 

2.13 

0.  23  5 

2.13 

3.236 

2.17 

3.C3  -0.3C 

3.C3  -0.27 

1.C3  -0.2« 

3.C3  -0,24 

I. C3  -0.2! 

3.C3  -0.22 

3.C3  -0.22 

3.C3  -0.22 

J. C3  -0.22 

3.C3  -0.22 

!.C3  -0,22 

3.C3  -0.22 

1.C3  -0.22 

?.C3  -0.22 


1. C3  -0.93 

3.C3  -0.79 

3.C3  -0.7C 

3.C3  -0.64 

2. C3  -0.61 

3. C4  -0.6C 

3.C4  -0.5? 


O.OC  2.62 
O.OC  2.62 
O.OC  2.62 
O.OC  2.62 
O.OC  2.62 
O.OC  2.62 
-O.OC  2*62 

-0,0c  2*62 

-O.OC  2.62 
-O.OC  2.62 
-O.OC  2.62 
O.OC  2.62 
O.OC  2.62 
O.OC  2.62 


O.OC 

3.24 

O.OC 

3.24 

O.OC 

3.24 

O.OC 

3.24 

O.OC 

3.24 

O.OC 

3.24 

O.OC 

3.24 

C.C6  0.74 
C.C6  0.74 
C.C6  0.74 
C.C6  0.74 
C.C6  0.74 
C.C6  0.74 
C*C6  0.74 
C.C6  0.74 
C.C6  0.74 
C.C6  0.74 
C.C6  0,74 
C.C6  0.74 
C.C6  0.74 
C.C6  0.74 


-C.23  1.36 

-C.23  1.36 

-C.27  1.36 

-C.23  1.36 

-C.c!  1.36 

-C.23  1.36 

-C.23  1.36 


0.06  0.07 

0.06  0.  0/ 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.07 

0.06  0.0* 

0.06  0.  07 

0.07 
0.07 
0.  07 
0.07 
0.  07 
0.0< 
0.03 
0.07 
0.  U 
0. 1C 
0.09 
0.07 
0.  0' 
0.04 
0.03 
0.03 
0.04 
0.04 
0.03 
0.  0! 
0.06 
0.0' 
0.03 
0.0' 
0.05 
0.06 
0.0' 
0.05 
0.0' 
0.  35 

-0.23  0.0' 

-3.23  0.05 

-0.23  0.05 

-0.23  0.0' 

-0.23  0.05 

-0.23  0.05 

-0.23  0.C5 
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0.227 
0.  238 
0.239 
0.2«0 
0.2il 
0.  242 
0.243 
0.  24  4 
0.245 
0.24  6 
0.  24  7 
0.  248 
0.  249 
0.  2!0 
Q.2S1 
0.  2*2 
0.2*3 
0.  22  4 
0.  23  5 
0.236 
0.23  7 
0.  23  8 
0.  25  9 

0. 2e  0 
0. 2e  1 
0.  2f  2 
0.2<3 
0.2«4 
0.2<5 
0.  23  6 
0.2e7 
0. 2(8 
0.239 
0.  270 
0.2^1 
0.  27  2 
0.273 
0.2"  4 
0.  275 
0.27  6 
0.  277 
0.27  8 
0. 279 
0. 230 
0.261 
0.252 
0.  23  3 
0.234 
0. 235 
0.  236 
0.  237 


2 •!  2 

3.C4 

-0.59 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.0* 

2.57 

3.C5 

-0.59 

-O.oc 

3.24  -c.23 

1.36  -0.23 

O.OJ 

2.33 

3 .C3 

-0.59 

-o.oc 

3.54  -C»53 

1.36  -0.23 

0.05 

2.39 

3 .C3 

-0.56 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.45 

3 .C3 

-0.57 

o.oc 

3.54  -C.23 

1.36  -0.23 

0.  05 

2.31 

3.C3 

-0.  56 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.0* 

2.36 

3 .C3 

-0.54 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.3  1 

3 .C3 

-0.51 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.37 

3 .C3 

-0.4s 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.7  2 

3 .C3 

-0.45 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.76 

3 .C3 

-0.41 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.0* 

2.31 

3 .C3 

-0.  36 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.35 

3 .C3 

-0.  34 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.69 

3 .C3 

-0.3C 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2.9  3 

3 .C3 

-0.26 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

2 .97 

3 .C3 

-0.22 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3. CO 

3 .C3 

-o.ie 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.  05 

2.C2 

3 .C3 

-0.  15 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3 .C5 

3 .C3 

-0.11 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3.C7 

3 .C3 

-o.os 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3 .C9 

3 .C3 

-0.05 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.  0* 

3.11 

3 .C3 

-0.02 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3.12 

3 .C3 

0.01 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3.13 

3 .C3 

0.03 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0. 05 

3.14 

3 .t3 

0.05 

-o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

3.15 

3 .C3 

0.07 

o.oc 

3.54  -C.53 

1.36  -0.23 

0.05 

3.16 

3.C3 

0.09 

o.oc 

3.24  -C,23 

1.36  -0.23 

0.05 

3.17 

3.0  3 

O.IG 

o.oc 

3.24  -C.23 

1.36  -0.23 

0.05 

0.03 
0,03 
0.03 
0.03 
0.03 
0.04 
O.Oe 
0.04 
0.  03 
0.05 


0.04 
0.04 
0.03 
0.03 
0.05 
0.  05 
0.03 
0.03 
0.03 
0.03 
0.  03 
0.  03 
0.  03 
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0.  zee 

0,Z(<t 

o.aso 
0.2s  1 
0.2S2 
0.2S3 

0.  2S4 

0.03 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.  2S6 

2.22 

2 .C3 

0.6C 

-o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

0.2S7 

2 •C7 

2 .C3 

0.6C 

-O.OC 

2.16 

C.  12 

1.28 

0.12 

0.02 

0.2S8 

2.93 

3.C3 

0.6C 

-O.OC 

2.16 

C.l? 

1.28 

0.12 

0.02 

0.2S9 

2.f  7 

2 .C3 

0.61 

-O.OC 

2.16 

C*12 

1.28 

0.12 

0.02 

0.  SCO 

2. €7 

3 .C3 

0.61 

O.OC 

2.16 

C.12 

1.28 

o.u 

0.03 

0.  3C  1 

2.69 

2 .C3 

0.61 

o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

0.  3C2 

2.53 

2 .C3 

0.61 

o.oc 

3.16 

C.12 

1.28 

0. 1( 

0.02 

0.  3C  3 

2.54 

2 .C3 

0.  57 

o.oc 

3.16 

C.12 

1.2s 

0.12 

0.02 

0<  ?C4 

2,69 

2 .C3 

0.51 

o.oc 

2.16 

C.12 

1.28 

0.12 

0.03 

0.3C5 

2 .62 

2 .C3 

0.  46 

o.oc 

2.16 

C.12 

1.28 

0. 12 

0.02 

0.3C6 

2.76 

2.C3 

0.41 

-o.oc 

2.16 

C.12 

1.28 

0.  12 

0.  02 

0.3C7 

2.69 

3 .C3 

0.37 

-o.oc 

3.16 

C.12 

1.28 

0.12 

0.02 

0.3C6 

2.64 

2 .C3 

0.  34 

-O.OC 

2.16 

C.12 

1.28 

0.  le 

0.02 

0,3C9 

2.60 

2 .C3 

0.  3( 

-o.oc 

2.16 

C.12 

1.28 

0.  12 

0.03 

0.310 

2. *7 

2 .C3 

0.3C 

-o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

0.  311 

2.65 

2 .C3 

0.26 

-O.OC 

2.16 

C.^2 

1.28 

0.12 

0.02 

0.312 

2.53 

1 .C3 

0.27 

o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

0.313 

2.51 

2 .C3 

0.26 

O.OC 

2.16 

C.12 

1.28 

0 . 1 e 

0.02 

0.  314 

2.5  0 

2 .C3 

0.25 

o.oc 

2.16 

C.12 

1.28 

0.1( 

0.02 

0.  315 

2.4  8 

2 .C3 

0.24 

o.oc 

3.16 

C,12 

1.28 

0. 12 

0.02 

0.  316 

2.4  7 

3 .C3 

0.24 

o.oc 

2*16 

C.12 

1.28 

0.12 

0.02 

0.  31  7 

2.4  5 

2 .C3 

0.23 

-o.oc 

2.16 

C.12 

1.28 

0. 12 

0.02 

0.  31  8 

2.4  3 

3 .C3 

0.23 

-o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

q.3l9 

2.42 

2.C3 

0.2( 

-o.oc 

2.16 

C.12 

0.  12 

0.  02 

0.  3(  0 

2.4  0 

2 .C3 

0.22 

-o.oc 

3.16 

C.l? 

1.28 

0.12 

0.C2 

0.3il 

2.23 

2 .C3 

0.21 

-o.oc 

2.16 

C.12 

1.28 

0. 12 

0,  02 

0.  3(2 

2.26 

2 .C3 

0.21 

-o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

0.  3<  3 

2.2  5 

3 .C3 

0.2c 

o.oc 

2.16 

C.12 

1.28 

0.12 

0.0  2 

0. 3(  4 

2.23 

2 .C3 

0.2c 

o.oc 

2.16 

C.12 

1.28 

3.12 

0.  02 

0.3;5 

2.21 

2 .C3 

0.2c 

o.oc 

3.16 

C.12 

1. 28 

C.12 

0.  02 

0. 3<  6 

2.29 

2.C3 

0.  15 

o.oc 

2.16 

C.12 

1.28 

0.12 

0.02 

0.3*7 

2.(8 

2.C3 

0.  19 

o.oc 

2.16 

C.12 

1.28 

0.12 

0,02 

0. 3(  8 

2.(7 

2.C3 

0.  19 

-o.oc 

2.16 

C.12 

1. 28 

0.12 

0.02 

0.  32  9 

2.(5 

2 .C3 

0.  18 

-o.oc 

3.16 

C.12 

1.28 

0.12 

0.02 

0.  3:0 
0.311 

0. 322 

0. 323 

0.  3:  4 
0.325 

0. 32  6 

0.  327 

2.  328 

0. 329 

2.24 

2 .C3 

0.  16 

-o.oc 

2.16 

C*12 

1.28 

0.12 

0.0  2 
0. 02 
0.02 
0.02 
0.02 
0.  02 
0.0( 
0.  1C 
0.  17 
0.81 

- 293  - 


J 


Table 


0. 340 
0.341 
0.342 
0.343 
0.344 
0.  345 
0.346 
0.  347 
0.348 
0.  349 
0.  3*0 
0.  3!  1 
0.3*2 
0.3*3 
0.  3!  4 
0.  3*5 
0.3*6 
0.3!7 
0.3*8 
0. 359 
0. 340 


0. 3(2 
0.3<3 
0.  3(4 
0.  3<  5 
0.346 
0.  3(  7 
0.34  8 
0.349 
0.  370 

0.3:  1 

0.372 
0.373 
0.  37  4 
0.  375 
0.376 
0. 377 
0.378 

0.379 

0.  340 
0.  34  1 
0.342 
0.34  3 
0.  34  4 
0.345 
0. 34  6 
0.  34  7 
0.348 
0.349 
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0.  21 
0.2C 
0.  17 
0.  14 
0.  Ic 
0.11 
0.  11 
0.  12 
0.13 
0.  14 
0. 14 
0.  14 
0.14 
0.  14 
0.  14 
0.13 
0.  13 
■ 0.  13 
0.  13 
0.  13 
0.  14 


3. <8 

3.C4 

-0.24 

-0.04 

2.20 

C.18 

0.32 

0.  18 

0.  14 

3.34 

3 .C4 

-0.25 

-0.04 

2.20 

C .18 

0.32 

0.18 

0.  U 

3.37 

3 .C4 

-0.23 

-0.04 

2 . 2 0 

4.18 

0.32 

0.18 

0.  u 

3.38 

3 .C3 

-0.22 

-0.04 

2.20 

4.18 

0.32 

0.18 

0.14 

3.39 

3 .C3 

-0.21 

0.04 

2.20 

C.19 

0.32 

0.  18 

0.  14 

3.39 

3 .C3 

-0.24 

0.04 

2 . 2 0 

4.18 

0.32 

0.18 

0.14 

3.40 

3 .C3 

-0.24 

0.04 

2.20 

4.18 

0.32 

0.15 

0.14 

3.4  0 

3 .C3 

-C.  19 

0.04 

2.20 

4.18 

0.32 

0.  16 

0.14 

3.4  0 

3 .C3 

-0,  18 

0.04 

2 . 2 0 

4.18 

0.32 

0.16 

0.  14 

3.40 

3 .C3 

-0.  15 

0.04 

2.20 

4.18 

0.32 

0.18 

0.14 

3.4  0 

3 .C3 

-0.17 

-0.04 

2.20 

4.18 

0.32 

0.16 

0.14 

3.39 

3 .C3 

-0.17 

-0.04 

2.20 

4.18 

0.  32 

0.  18 

0.  14 

3 .39 

3 .C3 

-0.16 

-0.04 

2.20 

4.18 

0.32 

0.15 

0.14 

3.39 

3 .C3 

-0.  16 

-0.04 

2.20 

4.18 

0.32 

0.18 

0.14 

3.39 

3 .C3 

-0.  16 

-0.04 

2.20 

4.13 

0.32 

0.  18 

0.14 

3.38 

3 .C3 

-0.  16 

-0.04 

2.20 

4.18 

0.32 

0. 18 

0.  14 

3.38 

3 .C3 

-0.  16 

o.oc 

2.20 

4.18 

0.32 

0.  18 

0.  14 

3 .37 

3 .C3 

-0.16 

0.04 

2.20 

4.18 

0.32 

0.15 

0.  14 

3.37 

3 .C3 

-0.  16 

0.04 

2.20 

4.18 

0.32 

0.16 

0.  14 

3 .36 

3 .C3 

-0.  16 

0.04 

2.20 

4.18 

0.32 

0.16 

0.14 

3.36 

3 .C3 

-0.  16 

0.04 

2.20 

4.18 

0.32 

0.18 

0.14 

3.3s 

3.4  3 

-0.  16 

-0.04 

2.20 

4.18 

0.32 

0.18 

0.14 

3.35 

3 .43 

-0.  16 

-0.04 

2.20 

4.18 

0.32 

0.15 

0.14 

3.34 

3 .43 

-0.  16 

-0,04 

2.20 

4.18 

0.32 

0.18 

0.  14 

3.34 

3 .43 

-0.16 

-0.04 

2.20 

4.18 

0.32 

0,18 

0.  14 

3.33 

3 .43 

-0.17 

-0.04 

2.20 

4.18 

0.32 

0.15 

0.14 

3 .33 

3 .43 

-0.  17 

-0.04 

2.20 

4.18 

0.32 

0.18 

0.14 

3.32 

3.43 

-0.  17 

0.04 

2.20 

4.18 

0,32 

0.  18 

0.14 
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0.35  0 

3.32 

3.C3 

-0.17 

o.oc 

£.20  C.18 

0.32  0.18 

0«  14 

0.3s  1 

3 .3  1 

3 .C3 

-0. 17 

o.oc 

2.20  c.18 

0.32  d.ie 

0.14 

0.3S2 

3.31 

3 .C3 

-0.17 

O.OC 

£.20  c.18 

0.32  0.1^ 

0.  14 

0. 3S3 

3.30 

3.C3 

-0.  17 

o.oc 

2.20  C.18 

0.32  0.18 

0.14 

0.  3S4 

3.30 

3.C3 

-0.  17 

-0.0c 

2.2O  C.18 

0.32  0.18 

0.14 

0.  3S  5 

3 .(9 

3 .C3 

-0.  17 

-o.oc 

2.20  C.18 

0.32  0.18 

0.14 

0.3S6 

3 .( •» 

3 .C3 

-0.  17 

-o.oc 

2.20  C.18 

0.32  0.18 

0.14 

0.3s  7 

0.  14 

0.3S3 

0.  14 

0. 3S9 

0. 14 

0.4C0 

• 

0.14 

0.4C  1 

0.  14 

0.4C2 

0.  1C 

0.4C3 

0.02 

0.  4C4 

0.  1C 

0.4t5 

0.  15 

0.4C6 

0.15 

0.4C7 

0.13 

0.4Ce 

O.IC 

0.4C9 

0.06 

0.410 

0.04 

0.411 

0.0! 

0.412 

0.03 

0.413 

0.04 

0.414 

0.0* 

0.  4]  5 

0.06 

0.416 

0.07 

0.417 

0.07 

0.418 

0.07 

0.419 

0.06 

0.420 

0.06 

0.421 

0.  06 

0.4(2 

0.0* 

0.423 

0.0* 

0.  4(4 

0.06 

0.4(5 

0.06 

0.426 

0.06 

0.428 

( .(  1 

3 .C2 

0.21 

o.oc 

3.34  -C .19 

1.46  -0.19 

0.06 

0.4(9 

3.14 

3 .C2 

0.21 

o.oc 

3.34  -C.19 

1.46  -0.19 

0.06 

0.  430 

3.(7 

3 .C2 

0. 15 

o.oc 

3.34  -C.19 

1.46  -0.19 

0.06 

0.41  1 

3.10 

3 .C3 

o.oe 

o.oc 

3.34  -C.19 

1.46  -0,19 

0.06 

0. 432 

£.'4 

3 .C3 

0.04 

-o.oc 

3.34  -C .19 

1.47  -0.19 

0.06 

0.433 

£ .f  7 

3 .C3 

0.02 

-o.oc 

3.34  -C.19 

1.47  -0.19 

0.06 

0.414 

£ .C4 

3 .C3 

0.02 

-o.oc 

3.34  -C. 19 

1.47  -0.19 

0.06 

0.4J5 

£ .cs 

3.C3 

0.04 

-o.oc 

3.34  -C.19 

1.4.7  -0.19 

0.06 

0.436 

£ .f  e 

3 .C3 

0.  OC 

-o.oc 

3.34  -C.19 

1.47  -0.19 

0.06 

0.42  7 

2.5  1 

3 .C3 

0.09 

-o.oc 

3.34  -C. 19 

1.47  -0,19 

0.06 

0.428 

£ .52 

3 .C  3 

0.  11 

o.oc 

3.34  -C . 19 

1.47  -O.lc 

0.06 

0.439 

£ .53 

3 .C3 

C.  13 

o.oc 

3.34  -C.io 

1.46  -0.15 

0.06 

0.44  0 

£ .52 

3 .C3 

0.  14 

o.oc 

3.34  -C.19 

1.46  -0.19 

0.06 

0.44  1 

£.51 

3 .C3 

0.15 

o.oc 

3.34  -C.19 

1.47  -0.19 

0.06 
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? . 


0.442 

2.90 

3 .C3 

C.  14 

c.oc 

3.34  -C.19 

1.47  -0.19 

0.0(  1 

0.4«3 

2.90 

3 .C3 

0. 13 

o.oc 

3.3^  -c .19 

1.47  -0.19 

0.0( 

0.  444 

, 9 

3 .C3 

0.12 

-O.OC 

3.34  -C.19 

1.47  -0.19 

0.06 

0.445 

2 .CO 

3 .C3 

0.  1C 

-O.OC 

3.34  -C.19 

1.47  -0.19 

0.0( 

0.446 

2 .9  1 

3 .C3 

0.07 

-O.OC 

3.34  -C. 19 

1.47  -0.19 

0.0( 

0.447 

2.93 

3.C3 

0.  04 

-O.OC 

3.34  -C.19 

1.47  -C. 19 

0.0( 

0.448 

2.95 

3 .C3 

Q.Ol 

-o.oc 

2.34  -C.l9 

1.47  -0.19 

0.0(  'j 

0*  449 

2 .99 

3 .C3 

'0.02 

o.oc 

3.34  -C.19 

1.47  -0.19 

0.0(  ] 

0.4*0 

3.C3 

3.C3 

-0.06 

o.oc 

3 .34  -C.19 

1,47  -0.19 

0.06  i 

0.4*1 

3 .C7 

3 .C3 

-0.09 

o.oc 

3.34  -C.l9 

1.47  -0.19 

0.0(  i 

0.  4*2 

3 .1  1 

3 .C3 

-0.  12 

o.oc 

3.34  -C.19 

1.47  -0.19 

0.06 

0.4*  3 

3.16 

3 .C3 

-0.  15 

o.oc 

3.34  -C.l9 

1.47  -0.19 

0.0( 

0.454 

3.2  1 

3 .C3 

-0.  1( 

o.oc 

3.34  -C.l9 

1.47  -0.19 

o.O(  ; 

0.4*5 

3.25 

3 .C3 

-0.2c 

-o.oc 

3.34  -C.19 

1.47  -0.19 

0.0( 

0.4*6 

3.29 

3 .C3 

-0.22 

-o.oc 

3.34  -C.19 

1.47  -0.19 

o.O(  ; i 

0.457 

3.33 

3 .C3 

-0.  24 

-o.oc 

3.34  -C.19 

1.47  -0.19 

0.0(  H 

0%  4*  8 

3.37 

3 .C3 

-0.  26 

-o.oc 

3.34  -C.19 

1.47  -0.19 

0.06  P 

0. 459 

3.4  1 

3 .C3 

-0.  27 

-o.oc 

3.34  -C . 19 

1.47  -0.19 

0.0(  h 

0.4(0 

3*44 

3 .C3 

-0.26 

o.oc 

3.34  -C.19 

1.47  -0.19 

0.0(  j' 

0. 4(  1 

3.43 

3 .C3 

-0.29 

o.oc 

3.34  -C.19 

1.47  -3.19 

o.o( 

0.  4(2 

3 .3  0 

3 .C3 

-0.3C 

o.oc 

3.34  -C . 19 

1.47  -0.19 

0.0( 

0. 46  3 
0.  4(4 
0.4«  5 
0. 4(  6 
0.  4(  7 
0.  4(  8 
0. 4(9 
0*470 
0. 4: 1 

0*  472 
0.47  3 
0.4/4 

0.  475 
0.  4/  6 
0.477 
0*47  8 
0.479 
0.4£0 
0. 46  1 
0.4(2 
0. 4(  3 
0.  4(  4 
0.4(5 
0.4(6 
0. 4S  7 
0.  4(8 
0.4(9 
0. 45C 
0.491 

0.492 
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0.  0( 
0.06 
0. 0( 
0.  0( 
0.0( 
0.0( 
O.OE 
0.  1C 
0.11 
0.  11 
0. 1C 
0.  1C 
0.0^ 
0.39 
0.09 
Q.09 
0.09 
0.09 
0.09 
0.09 
0.  09 
3.09 
0.09 
0.  09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.  09 
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0.4^4 

2.!8 

1 .cs 

0.23 

O.OC 

3.51 

-C.30 

1.64  -0,30 

0.09 

Q.4S5 

2.(6 

3 .C3 

0.23 

O.OC 

3.51 

-C.30 

1.64  -0.3C 

0.09 

0,456 

2.71 

1 .C3 

0.2c 

O.OC 

1 .« 1 

-c  .30 

1.64  -0.3C 

0.09 

0.-45  7 

2.75 

3 .C3 

0.21 

0.0^ 

-*  . ■ 1 
• • • • 

“C  .30 

1.64  -0.3c 

0.05 

0.45  8 

2.7  9 

3 .C3 

0.21 

-O.OC 

<5  • « 1 

-C.30 

1.64  -3.3C 

0.09 

0.459 

2. Cl 

3.C3 

0.21 

-O.OC 

3.51 

-C.3C 

1.64  -0.3c 

0.05 

0.5C0 

2.C3 

3 .C3 

0.2c 

-O.OC 

3.51 

-C.3O 

1.6i  -0.3c 

O.O5 

o.sti 

2.C4 

3.C3 

0.2i 

-0.0c 

3.51 

0 

• 

1 

1,64  -0,3c 

0.05 
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time 

MlO 

KUC 

(SEC  ) 

EST  TPtE 

EST  T«;uF 

0.032 

2.13 

3 .C5 

0.51 

o.oc 

0.023 

2.13 

3 .C4 

0.52 

o.oc 

0,02  4 

2.13 

3 .C4 

0.53 

-o.oc 

0.025 

3.13 

3 .C4 

0.54 

-O.OC 

0.02  6 

3.12 

3.C3 

0.55 

-o.oc 

0.027 

3.13 

3 .C3 

0.55 

-o.oc 

0.  02  8‘ 

3.12 

3 .C3 

0. 56 

-o.oc 

0.  029 

3 .C3 

0.56 

o.oc 

0.  04  0 

3.12 

3 .C4 

0.56 

o.oc 

0.  04  1 

3.11 

• 3 .C4 

0.56 

o.oc 

0. 04  e 

3.11 

2 .C4 

0.56 

o.oc 

0.043 

3.10 

3.C4 

0.56 

o.oc 

0.  04  4 

3 .C9 

2 .C4 

0.  55 

o.oc 

0.04  5 

3 .C7 

3 .C4 

0.55 

-o.oc 

0.  046 

3 .C6 

2 .C4 

0.55 

-o.oc 

0.047 

3.C4 

3 .C4 

0.55 

-o.oc 

0.046 

2.C3 

3 .C4 

0.55 

-o.oc 

0.049 

2 .C  1 

3 .C4 

j.  55 

-o.oc 

0.  OS  0 

3. CO 

3 .C4 

0.54 

o.oc 

0.  OS  1 

2 .S  9 

3 .C4 

0.  54 

o.oc 

0.0S2 

2.98 

3 .C4 

0.54 

o.oc 

0.  OS  3 

2 .'  3 

2 .C4 

0.55 

o.oc 

0.  OS  4 

2.9  8 

3 .C4 

0.55 

o.oc 

0.0S5 

c .99 

2 .C4 

0.55 

o.oc 

0.  0S6 

2 .C  1 

2 .C  4 

0,55 

-o.oc 

0.0S7 

2 .C  3 

2 .C4 

0.55 

-o.oc 

0.  OS  8 

2 .C  S 

3 .C4 

0.  55 

-0.  oc 

0.0S9 

3 .C  9 

2 .C  4 

0.54 

-o.oc 

3.0(0 

2.11 

3 .C4 

0.  54 

-0.  oc 

0.  0<  1 

3.13 

3 .C4 

0.53 

-o.oc 

0.0<2 

2.15 

3 .C4 

0,53 

0.  oc 

0.  oe  3 

2.17 

2 .C4 

0.52 

o.oc 

0. 0(  4 

2.18 

2 .C4 

0.52 

o.oc 

0.0<5 

2.19 

3 .C4 

0.51 

0.  oc 

0.  0(  6 

2.2  0 

2 .C4 

0. 5C 

o.oc 

0.0<7 
3. 0<  8 
0. 0<  9 
3.  O'C 
3.  OT  1 
0.0T2 
0.073 
0.  07  4 
0.075 
0.37  6 
0.077 
0.078 


MUT 

4UT 

MUG 

NLG 

MISS 

(M 

C .32 

c.co 

-2.2C 

O.OC 

0.42 

C .32 

-C.CO 

-2.2C 

-o.oc 

0 .42 

C .2  1 

-c*co 

-2.2C 

-o.oc 

0.42 

C.21 

-C.CO 

-2.2C 

-o.oc 

0.42 

C.21 

-c.co 

-2.2C 

-o.oc 

0.42 

C.21 

-C.CO 

-2.2C 

-o.oc 

0.42 

c.21 

-C.CO 

-2.2C 

-o.oc 

0.42 

C .3  1 

c.co 

-2.2C 

o.oc 

0.42 

C .3  1 

c.co 

-2.2C 

o.oc 

0.42 

C.2  1 

c.co 

-2.2C 

o.oc 

0.42 

C.21 

c.co 

-2.2C 

o.oc 

0.42 

C.21 

c.co 

-2.2C 

o.oc 

0. 42 

C.31 

c.co 

-2.2C 

o.oc 

0.42 

C .3  1 

-c.co 

-2. 20 

-o.oc 

0.42 

C.2  1 

-C  .CO 

-2.2C 

-o.oc 

0.42 

C.2  1 

-C  .CO 

-2.2C 

-o.oc 

0.  42 

C.2  1 

-c.co 

-2.2C 

-o.oc 

0.42 

C.21 

-c.co 

-2.2C 

-o.oc 

0.42 

C.21 

c.co 

-2.2C 

o.oc 

0.42 

C.3  1 

c.co 

-2.2C 

o.oc 

0.42 

C.2  1 

c.co 

-2.2C 

o.oc 

0.42 

C.2  1 

c.co 

-2.20 

o.oc 

0.42 

C .21 

c.co 

-2.2C 

o.oc 

0. 42 

C .2  1 

c.co 

-2.2C 

o.oc 

0 . 42 

C.21 

-c.co 

-2.2C 

-o.oc 

0. 42 

C.21 

-c.co 

-2.2C 

-o.oc 

0. 42 

C.21 

-c.co 

-2.2C 

-o.oc 

0.42 

C .2  1 

-c.co 

-2.2C 

-o.oc 

0.42 

C.3  1 

-c.co 

-2.2C 

-o.oc 

0.42 

C.2  1 

-c.co 

-2.2C 

-o.oc 

0.42 

C .21 

c.co 

-2.2C 

o.oc 

0.42 

C.2  1 

c.co 

-2.2C 

o.oc 

0. 42 

C.21 

c.co 

-2.2C 

o.oc 

0.42 

C.2  1 

c.co 

-2.2C 

o.oc 

0.42 

C.2  1 

c.co 

-2.2C 

o.oc 

0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.  24 
0.  09 
0.  19 
0.  2C 
0.  22 
0.26 
0.  15 
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0.079 

o.oeo 

o.oei 

0.0(2 

a.ocs 

0.0C4 
0.0C5 
O.OC6 
0.0«7 
0.0(6 
0.0«9 
0.  090 
0.  09  1 
0.0S2 
0.093 
0.094 
0.095 
0.096 


0. 1C 
0.0? 
o.oc 
0.0( 
0.07 
O.OC 
0.  1C 
0.11 
o.u 
0.11 
0.11 
0.  1C 
0.09 
0.09 
0.09 
0.09 
0.09 
0.  1C 


0.096 

1.17 

3 .Cl 

0.23 

-O.OC 

3.33 

C. 

3 

0.82 

0.53 

0. 1C 

0.09  9 

1 .(9 

3 .Cl 

0. 16 

-o.oc 

3.33 

c. 

3 

0.82 

0.53 

o.u 

0.  ICC 

1 .79 

3 .C2 

0.49 

-O.OC 

3.33 

c. 

3 

0.62 

0.53 

0. 1C 

0.  1C  1 

1 .<8 

3 .C3 

0.62 

-O.OC 

3.34 

c. 

3 

0.83 

0.53 

0.  ic 

0.  1C2 

1.16 

3 .C4 

0.65 

o.oc 

3.34 

c. 

3 

0.83 

0.53 

O.IC 

0. 1C3 

1 .34 

3 .C4 

0.65 

O.OC 

3.34 

c. 

3 

0.83 

0.53 

0.  1C 

0.  1C4 

1 .37 

3 .C4 

0.65 

o.oc 

3.34 

c. 

3 

0.33 

0.53 

0.1c 

0.  ICS 

1 .45 

3 .C4 

0.64 

o.oc 

3,34 

c. 

3 

0.33 

0.53 

0.1c 

0. 1C6 

1 .55 

3.C4 

0.63 

o.oc 

3,34 

c . 

3 

0.33 

3.53 

0.  ic 

0.  1C7 

1 .(7 

3 .C4 

0.61 

o.oc 

3.34 

c. 

3 

0.83 

0.53 

0.1c 

0.  1C8 

1 .79 

3.C3 

0.59 

-o.oc 

3.34 

c. 

3 

0.33 

0.53 

0.  ic 

0.  1C9 

1 .9  0 

3 .C3 

0.57 

-0.  cc 

3.34 

c . 

3 

0.33 

0.53 

0.1c 

0.  no 

2 .CO 

1 .C  3 

0.56 

-o.oc 

3.34 

c. 

3 

0.83 

0,53 

0.1c 

o.ni 

2 .C8 

3 .C3 

0.56 

-o.oc 

3.34 

c . 

3 

0.83 

0.53 

0.  1C 

0.112 

2.15 

3 .C3 

0.57 

-o.oc 

3.34 

c. 

3 

0.83 

0.53 

0.  1C 

0.113 

2.21 

3 .C4 

o.se 

o.oc 

3.34 

c . 

3 

0.83 

0.53 

0.1c 

0.  114 

2.2  6 

3 .C4 

0.56 

0.  oc 

3.34 

c. 

3 

0.33 

3.33 

0.  1C 

0.  115 

2.31 

3 .C4 

0.59 

o.oc 

3.34 

c. 

3 

0.83 

0.53 

0.1c 

0.116 

2.34 

3 .C4 

0.59 

o.oc 

3.34 

c . 

3 

0,83 

0.53 

0.  1C 

0.117 

2.3  3 

3 .C4 

0.  59 

o.oc 

3.34 

c. 

T 

0.33 

0.53 

0.  1C 

0.118 

2.4  1 

3 .C4 

0.56 

o.oc 

3.34 

c . 

3 

0.63 

0.53 

0.  1C 

0.119 

2.4  3 

3 .C4 

0.58 

-o.oc 

3.34 

c . 

3 

0.33 

0.53 

0.  1C 

0.  120 

2.4  5 

3 .C3 

0.57 

-o.oc 

3.34 

c. 

3 

0,63 

0.53 

0.  1C 

0.  12  1 

2.47 

3 .C  3 

0.56 

-o.oc 

3.34 

c • 

3 

0.83 

0.53 

O.IC 

0.  12  2 

2.4  9 

3.C3 

0.54 

-o.oc 

3.34 

c . 

3 

0.63 

0.53 

0.1c 

0.  123 

2.5  0 

3 .C3 

0.  53 

-o.oc 

3.34 

c . 

3 

0.83 

0.53 

O.IC 

0.  124 

2.5  1 

3 .C4 

0.52 

-o.oc 

3.34 

c . 

3 

0.(3 

0.53 

0.1c 

0.  12  5 

2.52 

3 .C4 

0.51 

o.oc 

3.34 

c . 

3 

0.33 

0.53 

0.  1C 

0.  126 

2.53 

3 .C4 

0.49 

o.oc 

3.34 

c. 

3 

0.83 

0.53 

0.  1C 

0.  127 

2.53 

3 .C4 

0.46 

o.oc 

3.34 

c . 

7 

0.83 

0.53 

O.IC 

0.  126 

2.5  4 

3 .C4 

0.47 

o.oc 

3.34 

c. 

3 

0,83 

0.53 

O.IC 

0.  129 

2.54 

3 .C4 

0.46 

o.oc 

3.34 

c . 

? 

0.83 

0.53 

O.IC 

0.  no 

2.54 

3 .C4 

0.  45 

-o.oc 

3.34 

c . 

3 

0.33 

0.53 

0.  1C 

- 299  - 


Table  2b  (1)  > Continued 


Page  3 


0.131 
0.  132 
0.  133 
0.  134 
0.  135 
0.  136 
0. 137 
0.  138 
0.  139 
0.  UO 
0.  U1 
0.  1<2 
0.  U3 
0.144 
0.  145 
0. 146 
0.  147 
0.  146 
0.149 
0. 1!0 
O.lSl 
0.1*2 
0. 1!3 
0.1!4 
0.1*5 
0.  1!6 
0.  1*7 
0.1*8 


c.!3  3.C4 

!.!3  3.C3 


0.44  -O.OC 
0.43  -O.OC 


3.34  C.*3 

3.34  c.!3 


0.83  0.53 

0.83  0.53 


0.  1!9 
0.  140 
0.1(1 
0.  1(2 


0.  1(  4 

2 .C6 

3.C4 

0.21 

O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  1(5 

2.4  3 

3 .C4 

0.51 

O.OC 

2.49 

C.43 

-0.02 

9.43 

0.  1<6 

2 .(3 

3 .C4 

0.61 

O.OC 

2 .49 

C.43 

-0.02 

0.43 

0.  1(7 

2.72 

3 .C4 

0.64 

O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  1(8 

2.7  3 

3 .C3 

0.66 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  1(9 

2.(5 

3 .C3 

0.6( 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  170 

2.90 

3.C3 

0.69 

-O.OC 

2 .49 

C.4  3 

-0.02 

0.43 

0.  17  1 

2 .94 

3 .C3 

0.7C 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  172 

2.97 

2.C3 

0.71 

-OiOC 

2.49 

C.43 

-0.02 

0.43 

0.  17  3 

3. CO 

3 .C3 

C.7l 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  174 

3.C4 

3.C3 

0.71 

O.OC 

2.49 

C.43 

-C.02 

0.43 

0.  175 

3.C6 

3.C4 

0.72 

O.OC 

2 .49 

C.43 

-0.02 

3.43 

3.  176 

3.C9 

3.C4 

0.72 

O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  17  ’ 

3.12 

3.C3 

0.72 

O.OC 

2 .49 

C.43 

-0.02 

0.43 

0.  176 

3.15 

3.C3 

9.71 

O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  179 

3.18 

3 .C3 

0.71 

-O.OC 

2.49 

C.43 

-0.02 

3.43 

0.  ICO 

3.20 

3 .C3 

0. 71 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  1(1 

3.22 

3 .C3 

0.71 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0.  1(2 

3.24 

3 .C3 

0.7C 

-O.OC 

2.49 

C.43 

-0.02 

0.43 

0. 1C 
3.  1C 
0. 1C 

0.1c 

0.1c 

0.  1C 
0.  1C 
0.06 
0.09 
0.13 
0.  1( 
0.  17 
0.1* 
0.  13 
0.11 
O.IC 
0.  1C 
0.  1C 
0.  1C 
0.11 
0.11 
0.11 
0.  12 
0.  12 
0.  11 
0.11 
0.11 
0.  11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.  11 
0.11 
0.11 
0.11 
0.  11 
0.11 
0.  11 
0.11 
0.11 
0.11 
0.11 
0.  11 
0.11 
0.11 
0.11 
3.11 
0.  11 
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0.1(3 

3.25 

3 .C3 

0.7C 

-o.oc 

2.49 

C .43 

-0.02 

0,41 

C.  1} 

0.  1(4 

3.25 

3 .C3 

0.7C 

-o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0.  1(5 

3.23 

3 .C3 

0.71 

O.OC 

2 .49 

C .43 

-0.02 

0.43 

0.11 

0.  1(6 

3.20 

3 .C3 

0.7l 

o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0.1(7 

3 0 7 

3 .C3 

3.72 

o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0^1(8 

3.12 

3 .C3 

0.74 

o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0,1(9 

3.(6 

3 .C3 

0.76 

o.oc 

2.49 

c.43 

-0.02 

0.43 

0.  U 

0. 190 

3. Cl 

3.C3 

0.78 

o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0.  isl 

2.95 

3 .C3 

0.8C 

-o.oc 

2.49 

C.43 

-0.02 

0,43 

0.1  1 

0.192 

2 >9  0 

3.C3 

0.82 

- 0 . oc 

2.49 

C.43 

-0.02 

0.43 

0.  11 

0.  193 

2.(6 

3.C3 

0.84 

-o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0.  194 

2.(2 

1 .C3 

0.  86 

-o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0.195 

2.79 

3 .C3 

0.87 

-o.oc 

2.4? 

C.43 

-0.02 

0.41 

0.11 

0.  196 

2.76 

3 .C3 

0.88 

o.oc 

2 .49 

C.43 

-0.02 

0.43 

0.  11 

0,  197 

2.74 

3.C3 

0.89 

o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0.  198 

2.7  2 

3.C3 

0.9C 

o.oc 

2.49 

C.43 

-0.02 

0.43 

0.11 

0. 1S9 
0.2CQ 
0.2C1 
0.2G2 
0.2C3 
0.2C4 
0. 2C5 
0.2t6 
0.2C7 
0.2C8 
Q.2t9 
0.21C 

g.2n 
0. 212 
0.2)3 
0. 21  4 
0.215 
0.  216 
0.217 
0.  218 
0.219 
0. 220 
0.221 
0.  222 
0.223 
0.2*4 
0.  22  5 
0.226 
0.227 
0.223 


0.11 
0.11 
0.  11 
a.  11 
0.11 
0.11 
0.  u 

0.17 
0. 19 
0. 19 
C.  H 
0.  1 / 
0.  U 
0.  15 
0.  14 
0.  14 
C.  15 
0.  15 
0.  16 
0.16 
0.16 
0.  16 
0.16 
0.  16 
0.1! 
0.1! 
0.  IS 
0.  15 
0.1! 


0.230 

2.58 

3.C3 

0.21  -O.OC 

2.73 

C.-9  2 

0.22 

0.92 

0.  15 

0.23  1 

2.57 

3 ,C  3 

0.  19  -O.OC 

2.7  1 

C .92 

0.22 

0.^2 

0.  15 

0.232 

2.58 

3 .C3 

0.1!  -O.OC 

2.7  3 

C .92 

0.22 

0.92 

0.15 

, 0.233 

2.6  0 

3 .C3 

0.09  -O.OC 

2.73 

C .92 

0.22 

0.92 

0.15 

' 0.234 

2.6  0 

3 .C3 

0.05  O.OC 

2.73 

C.92 

0.22 

0.92 

0.1! 
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I 

i 


0.235 

c .6  0 

3 .C3 

o 

• 

o 

Q.OC 

0.  236 

2.6  1 

3 .C3 

-0.03 

O.OC 

0.237 

2.6  1 

3 .C3 

- 0 .‘0  8 

o.oc 

0.238 

2,(  1 

3 .C3 

-0.  12 

O.OC 

0.239 

2.6  1 

3.C3 

-0.  16 

O.OC 

0.  24  0 

2.6  0 

3 .C3 

-0.2C 

-O.OC 

0.241 

2.6  1 

3 .C3 

-0.22 

-O.OC 

0.  24  2 

2 .6  1 

3 .C3 

-0.24 

-O.OC 

0.  24  3 

2.6  3 

3 .C3 

-0.22 

-o.oc 

0.244 

2.66 

3.C3 

-0,16 

-o.oc 

0.245 

2.70 

3 .C3 

-0. 1C 

-o.oc 

0.246 

2 . 76 

3 .C3 

-0.  01 

0.  oc 

0.247 

2.62 

3 .C3 

0.09 

o.oc 

0.  248 

2.6  8 

3.C3 

0.17 

o.oc 

0.  249 

2.94 

3 .C3 

0.23 

0.  oc 

0.  25  0 

2.9  8 

3 .C  3 

0.  27 

o.oc 

0.  251 

3 .Cl 

3 .C3 

0. 29 

-o.oc 

0.  252 

3 .C4 

3 .C3 

0. 3C 

-o.oc 

0. 253 

^ .C6 

3 .C3 

0. 3C 

-o.oc 

0.254 

3.C7 

3.C3 

0.29 

-o.oc 

0.  25  5 

3 .C  8 

3 .C3 

0.28 

-o.oc 

0.  25  6 

3.C9 

3 .C3 

0.26 

-0.  oc 

0.  25  f 

3.10 

3 .C3 

0.25 

o.oc 

0.  25  6 

3.11 

3 .C3 

0.24 

o.oc 

0. 25  9 

3.11 

3 .C3 

0.22 

o.oc 

0.  24  C 

3.12 

3 .C3 

0.  21 

o.oc 

0.261 

3.13 

3 .C3 

0.2C 

o.oc 

0.  26  2 

3.13 

3 .C  3 

0.  16 

-0.  oc 

0.  26  3 

3.14 

3 .C  3 

0.  17 

-o.oc 

0. 26  4 

3.14 

3 .C3 

0.  16 

-o.oc 

0,2(5 
0.2(6 
3.  2(7 
0,2(6 
0.  2(9 
0,27  0 
0.  27  1 
0.  27  2 
0. 27  3 
3.276 
• 0. 27  5 
0.  276 
0. 237 
0. 27  8 
0.  27  9 
3.  2{  0 
0. 2«  1 
3. 2E2 
3.  2€  3 
3.2E4 
3. 2E  5 
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2.73  C.92  0.22  3.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C«92  0.22  3.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.S2  0.22  0.92  3.15 

2*73  C»S2  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  3.15 

2.73  C.92  0.22  3.92  0.  15 

2.73  C.S2  0.22  0.92  0.15 

2.73  C.92  0.22  0.  92  0.  15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.9  2 0.22  0.92  0.  15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.9  2 0.22  0.92  0.  15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.9  2 0.22  0.92  0.  15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.  15 

2.73  C.92  0.22  0.92  0.  15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  3.  15 

2.73  C.92  0.22  0.92  0.15 

2.73  C.92  0.22  0.92  0.15 

2.73  c.9  2 0.  22  0.92  0,  15 

0.15 
0.15 
0.15 
0.15 
0.  15 
0.  13 
0.05 
0. 0< 
0.37 
0.0  7 
0.  34 
0.04 
0.03 
0.  04 
0,04 
0.04 
0.04 
0.  03 
0.03 
0.03 
0.03 
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0.2J6 

0. 267 

0,  268 

0. 269 

0.  2S0 
0.2S1 

0.  2^2 

0. 2S  3 
0.2S4 

0.33 
0.03 
0.03 
0.03 
0.03 
0.33 
0.  03 
0.03 
0.  03 

0.296 

3 .78 

3 .C3 

-0.  14 

O.Ol 

3. 16 

C.13 

0.65 

0.13 

0.03 

0,29  7 

3.6  0 

3 .C3 

-0.12 

O.Ol 

3.}6 

C.13 

0.65 

0.13 

0.03 

0.  29  8 

3.6  1 

3 .C3 

-0.  1C 

O.OC 

3.16 

C.13 

0.65 

0.13 

0.03 

0.299 

3.6  1 

3 .C3 

-0.09 

o.oc 

3.16 

C.13 

0.65 

0.13 

0.03 

0,  3C0 

3.6  2 

3 .C3 

-o.oe 

-O.OC 

3. 16 

C.12 

0.66 

0.12 

0.03 

0.  3C  1 

3.6  3 

3 .C  3 

-0. 07 

-o.oc 

3.16 

C . 12 

0.66 

0. 12 

0.03 

0.  3C2 

3.63 

3 .C3 

-0.06 

-o.oc 

3.16 

C.12 

0.66 

0.12 

0.33 

0.3t3 

3.6  3 

3 .C3 

-0.05 

-0.  oc 

3,16 

C.12 

0.66 

0.12 

0.  33 

0.  3C  4 

3.63 

3 .C3 

-0.04 

-o.oc 

3.16 

C.12 

0.66 

0.12 

0.33 

0,  3C  5 

3.63 

3 .C3 

-0.03 

-o.oc 

3.16 

c.ia 

0.6c 

0.12 

0.03 

0.3t6 

3.6  3 

3 .C3 

-0.02 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.03 

0.  3C7 

3.62 

3 .C3 

-0.01 

o.oc 

3.16 

C.13 

0*66 

0.13 

0.03 

0.3t8 

3.61 

3 .C3 

-0.  oc 

o.oc 

3.16 

C.13 

0.66 

0.  13 

0.03 

0. 3C9 

3.6  0 

3 .C3 

0.01 

o.oc 

3.16 

C.13 

0. 66 

0.13 

0.03 

0.310 

3.79 

3 .C3 

0.02 

o.oc 

3.16 

C.13 

0.66 

0.1! 

0.03 

g.  31 1 

3.7  8 

3 .C3 

0.03 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.03 

0.  312 

3 .7  7 

3 .C3 

0.04 

-o.oc 

3.16 

C.12 

0.66 

0.12 

3.03 

0.  313 

3 .75 

3 .C3 

0.05 

-o.oc 

3.16 

C.12 

0.66 

0.  12 

0.  03 

0.314 

3.74 

3 .C3 

0.06 

-o.oc 

3.16 

C.12 

0.66 

0.12 

0.C3 

0.  31  5 

3.72 

3 .C3 

0.07 

-o.oc 

3.16 

C.12 

0.66 

0.12 

0.0  3 

0.316 

3.71 

1 .C3 

0.07 

-o.oc 

3.16 

C.12 

0.66 

0.12 

0.33 

0.317 

3.69 

3 .C3 

0. 06 

o.oc 

3.16 

C .1  3 

0.66 

0.13 

0.03 

0.  31  8 

3.6  7 

3 .C3 

0.06 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.03 

0.  319 

3.6  5 

3 .C3 

0.09 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.32 

0.3<C 

3.63 

3 .C3 

0.  09 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.03 

0.  32  1 

3.61 

3 .C3 

0.09 

o.oc 

3.16 

C . 1? 

0.66 

0.13 

0.03 

0.  32  2 

3 .*  9 

3 .C3 

0.09 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.03 

0. 32  3 

3.5  7 

3 .C3 

0.09 

-0.  oc 

3.16 

C.13 

0.66 

0.  13 

0.02 

0.  32  4 

3.54 

3 .C3 

0.09 

-o.oc 

3.16 

C.13 

0,66 

0.13 

0.33 

0.325 

3.51 

3 .C3 

0.09 

-o.oc 

3.16 

C.13 

0.66 

0.13 

0.02 

0.  3<6 

3 .<  7 

3 .C3 

0.09 

-o.oc 

3.16 

C.13 

0.66 

0.13 

0.03 

0.327 

3 .<  3 

3.C3 

o.ic 

-o.oc 

3 .16 

C.13 

0.66 

0.13 

0.02 

0.  328 

3.39 

3 .C3 

0.  1C 

o.oc 

3.16 

C.l3 

0.66 

0.1? 

0.33 

0.  32  9 

3.33 

3 .C3 

0.  1C 

o.oc 

3.16 

C.13 

0.66 

3.13 

0.03 

0. 330 
0.331 

0.  312 

0.  33  3 

0.  33  4 
0.335 

0. 336 

0.  33  7 

3.27 

3.C3 

O.IC 

o.oc 

3.16 

C.13 

0.66 

0.13 

0.02 
0.03 
0.0  3 
0.02 
0.03 
0.03 
0.  03 
0.04 
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0.338 
0.  339 
0.  3i0 
0.  3<  1 
0. 3<2 
0.  34  3 
0. 34  4 
0. 345 
0.  346 
0.347 
0. 34  8 
0.  349 
0.  35  0 
0. 3£  1 
0.  3!  2 
0.  3!  3 
0.3J4 
0.3*5 
0. 3£6 
0.3*7 
0.  3*8 
0. 3£9 
0.3<0 


0.  3<  2 

c .C  8 

3 .C  3 

0.4^1 

0.  OC 

3.23 

C .10 

0.77 

0. 1C 

0.  3<  3 

2 .C  -2 

3 .C3 

0.4C 

o.oc 

3.29 

C .10 

0,77 

0. 1C 

0. 3<  4 

1 .3  9 

3 .C  3 

0.37 

0.  OC 

3.23 

C.IO 

0.77 

0. 1C 

0.  36  5 

! .3  7 

3 .C3 

0. 36 

o.oc 

3.28 

C .1  0 

C.77 

0.  1C 

0-.  36  6 

1.3  6 

3 .C  3 

0.3* 

-0.  OC 

3.2  8 

C . 1 0 

0,77 

0.  ic 

0.  36  7 

1 .37 

3 .C3 

0.34 

-o.oc 

3.28 

C .1  0 

0.7? 

0.  1C 

0.  36  8 

1 .3  7 

3 .C3 

0.33 

-o.oc 

3.23 

C.IC 

0.77 

O.K 

0.  36  9 

1.3  8 

3 .C  3 

0.  32 

-0.  OC 

3.2  8 

c.io 

0,77 

0.  1C 

0.30  0 

1 .3  9 

3 .C  3 

0.  31 

-o.oc 

3.23 

C .10 

C.77 

0. 1C 

0.3/1 

e .C  1 

3 .C  3 

0.  3C 

-o.oc 

3.2  8 

C .1  0 

0.77 

C.IC 

0.  372 

2 .C2 

3 .C3 

0.29 

o.oc 

3.29 

C . 10 

0.77 

o.ic 

0.  37  3 

2 .C4 

3 .C  3 

C.  26 

o.oc 

3.23 

C.IO 

0.77 

0.  1C 

0.37  4 

2 .C6 

3 .C3 

0.26 

o.oc 

3.28 

C .10 

C.77 

0.  1C 

0.  37  5 

2.C7 

3 .C3 

0.25 

o.oc 

3.28 

C.IO 

0.77 

0.  IC 

0.  37  6 

2 .C  9 

3 .C3 

0. 2.4 

o.oc 

3.28 

C.IO 

0.77 

O.IC 

0.  37  7 

2.11 

3 .C  3 

0.  22 

o.oc 

3.29 

C.IO 

0.77 

O.IC 

0.  37  8 

2.14 

3 .C3 

0.21 

-o.oc 

3.2  6 

C.IO 

0.77 

0.  1C 

0.  37  9 

2.16 

3 .C3 

C.2C 

-o.oc 

3.23 

C.IO 

0,77 

0.  1C 

0.  36  0 

2.19 

3 .C3 

c.:ie 

-o.oc 

3.29 

C.IO 

0.77 

O.IC 

0.  3f  1 

2.22 

3 .C  3 

0.  17 

-o.oc 

3.29 

C.IO 

0.77 

0.  1C 

0.362 

2 .25 

3 .C3 

0.15 

-o.oc 

3.28 

C.IO 

0.77 

O.IC 

0. 363 

2.28 

3 .C3 

0.14 

o.oc 

3.23 

C.IO 

0.77 

0.  1C 

0.  36  4 

2.3  2 

3 .C3 

0.  12 

o.oc 

3 .2  P 

C.IO 

0.77 

0.  1C 

0.  36  5 

2.35 

3 .C  3 

0.11 

o.oc 

3.2  8 

C . 1 0 

0.77 

O.IC 

0.366 

2.39 

3 .C3 

0.09 

o.oc 

3.28 

C.IC 

0.77 

O.IC 

0.  36  7 

2.4  2 

3 .C3 

0.  07 

0.  OC 

3.2  3 

C.IO 

0.77 

O.IC 

0.  36  8 

£.46 

3 .C  3 

0.06 

o.oc 

3.2  8 

C.IO 

C.77 

O.IC 

0.  36  9 

2.4  9 

3 .C  3 

0.04 

- 0.  OC 

3.28 

C.IO 

0.77 

O.IC 

0.05 
0.  05 
0.05 
0.05 
0.05 
0.04 
0.04 
0.  04 
0.04 
0.  04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0. 04 
0.04 
0.  04 
0.  04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.  04 
0.04 
0.04 
0.04 
0.  04 
0.04 
0.04 
0.04 
0 . 04 
0.04 
0.04 
0. 04 
0.  04 
0.04 
0.04 
0.04 
0.  04 
0.04 
0.04 
0.04 
0.04 
0.  04 
0.04 


- 304  - 


Table  2b  (1)  - Continued 


Page  8 


0.350 

2.!3 

3 .C3 

0.03 

-O.OC 

3*2>  i;«io 

0.77 

0. 1C 

O.Oi 

0.35  1 

c •!6 

3 .C3 

0.02 

-O.OC 

3 • 2 8 C . 1 0 

0.77 

C.  1C 

0.04 

0.352 

2 .*9 

3 .C3 

O.OC 

-O.OC 

3.26  C.IO 

0.77 

3. 1C 

3.04 

0.353 

2.6  2 

3.C3 

-O.Ol 

-O.OC 

3<28  C.lO 

0.77 

o.ic 

0.04 

0.35  4 

2. <5 

3.C3 

-0,03 

O.OC 

3.58  C»lO 

0.77 

o.ic 

0.0« 

0.355 

2.(8 

3 .C3 

-0.04 

O.OC 

3.28  C.IC 

0.77 

O.IC 

0.04 

0.356 

2 •"  1 

3 *(3 

- 0.  Ot 

O.OC 

3.28  C.lO 

0.77 

o.ic 

0.04 

0.357 

0.04 

0.  35  8 

0.34 

0.359 

0.04 

0.4C0 

0.04 

0.4C1 

0.04 

0.4C2 

0.02 

0.4t3 

0.03 

0.4C4 

0.06 

0.4C5 

O.IC 

0^4C6 

0.  11 

0.4C7 

O.IC 

O.4t0 

0.0* 

0.4C9 

0.  06 

0.  41C 

O.OS 

0.411 

0.04 

0.412 

0.04 

0.413 

0.08 

0.  414 

O.OS 

0.415 

P.06 

0.416 

0.06 

0.417 

0.06 

0.418 

0.  06 

0.419 

0.06 

0.420 

0.06 

0.421 

0.06 

0. 4c2 

0.96 

0.423 

0.06 

0.424 

0.06 

0.4<S 

0.06 

0.426 

0.06 

0.428 

3.C2 

3.C4 

-0.42 

O.OC 

2 .68  -C.C7 

0.18 

-0.07 

0.  06 

0.  4<  9 

2 .C2 

3 .C4 

-0.42 

O.OC 

2.68  -C.C7 

0.18 

-0.07 

0.06 

0.430 

3 .C2 

3 . C 3 

-0.42 

O.OC 

2.68  -C.C7 

0.  18 

-0.07 

0.06 

0.  42  1 

3 .C4 

3 .C3 

-0.42 

O.OC 

2.66  -C.C7 

C.  16 

-0.07 

0.06 

0.422 

2.C4 

3 .C3 

— 0.42 

-O.OC 

2.63  -C.C7 

0.18 

-0.07 

0.06 

0.42  3 

3.C5 

3 .C3 

-0.42 

-O.OC 

2.66  -C.C7 

0.18 

-0.07 

3.  06 

0. 42  4 

3 .C6 

3 .C3 

-0.41 

-O.OC 

2.68  -C .C7 

0.18 

-0.07 

C.06 

0.  42  5 

3 .C  7 

3 .C  3 

-0.41 

-O.OC 

2.68  -C.C^ 

0.  18 

-0.07 

0.P6 

0.426 

3 .C8 

3 .C3 

-C.4C 

-O.OC 

2.68  -C.C7 

0.  IS 

-0.07 

0.06 

0. 427 

3.(9 

3 .C3 

-0.4C 

-O.OC 

2 .6  8 -C.C7 

0.  18 

-0.07 

0.06 

0.428 

2.11 

3 .C  3 

-0.35 

O.OC 

2.(8  -C  .C7 

0.18 

-0.07 

0.0( 

0.429 

3.12 

3 .C! 

-0.36 

O.OC 

2.68  -C.C7 

0.  18 

-0.07 

0. 06 
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0.4^0 

3.14 

3.C3 

-0.37 

o.oc 

C.68  -C.C7 

0.18  -0.07 

0.06 

0.4il 

3.15 

3 .C  3 

-0,36 

o.oc 

2.68  -C.C7 

o.ie  -0.07 

0.06 

0.4<2 

3.17 

3 .C3 

-0. 35 

o.oc 

2.68  -C.C7 

0.18  -0.07 

0.06 

0.443 

3.19 

3.C3 

-0.35 

o.oc 

2.68  -C.C7 

0,18  -0.07 

0.  06 

0.  44  4 

3 .<  0 

3 .C  3 

-0.  34 

-o.oc 

2.68  -C.C7 

o.ie  -0.07 

0.06 

0.44  5 

3.21 

3 .C3 

-0. 33 

-o.oc 

2.68  -C.C7 

0.18  -0.07 

0.06 

0.44  6 

3.2  2 

3 .C3 

-0.33 

-o.oc 

2.66  -C.C7 

0.18  -0.07 

0.  06 

0.  44  7 

3.2  3 

3 .C3 

-0.  34 

-o.oc 

2.68  -C.C7 

0,18  -0.07 

0.06 

0.  44  3 

3.2  3 

3 .C  3 

-0. 35 

-o.oc 

2.68  -C.C7 

0.18  -0.07 

0.06 

0.449 

3.2  3 

3 .C3 

-0.36 

o.oc 

2.68  -C.C7 

O.ie  -0.07 

0.06 

0.  4;  0 

3 .2  3 

7 .C3 

-0.36 

o.oc 

2.68  -C .C7 

0.18  -0.07 

0.06 

0.45  1 

3.2  3 

3 .C3 

-0.41 

o.oc 

2.68  -C.C7 

0.18  -0.07 

0.0  6 

0.4?  2 

3.2  3 

3 .C3 

-0.43 

o.oc 

2.68  -C.C7 

D.ie  -0.07 

0.06 

0.  45  3 

3.2  2 

3 .C  3 

-0.46 

0.  oc 

2.68  -C.C7 

0,18  -0.07 

0.06 

0.  45  4 

3 .2  2 

3 .C3 

-0.46 

o.oc 

2.68  -C.C7 

0.18  -0.07 

0.06 

*0.  45  5 . 

3.2  2 

3 .C3 

-0.51 

-o.oc 

2.68  -C  .C7 

0.18  -0.07 

'•  0.0  6 

0.  45  6 

3.2  1 

3 .C3 

-0.53 

-o.oc 

2.68  -C.C7 

0.18  -0.07 

0.  06 

0.  45  7 

3 .2  1 

3 .C  3 

-0.  55 

-o.oc 

2.68  -C.C7 

0.16  -0.07 

0.06 

0.45  8 

3.21 

3 .C3 

-0.56 

-o.oc 

2.68  -C.C7 

0.18  -0.07 

C.  36 

0.45  9 

3 .2  1 

3 .C  3 

- 0.  57 

-o.oc 

2.63  -C.C7 

0.18  -0.07 

0.06 

0.  4<  0 

3 .2  1 

3 .C3 

-0.56 

o.oc 

2.68  -C.C7 

O.ie  -0.07 

0.06 

0.4(  1 

3.2  1 

3.C3 

-0.59 

o.oc 

2.68  -C.C7 

O.ie  -0,07 

0.  06 

0.  4<2 

3.2  0 

3 .C3 

-0.59 

o.oc 

2.6  8 -C  .C7 

0.18  -0.07 

0.  06 

0.  46  3 

0.06 

0.  46  4 

0.06 

0. 46  5 

0.06 

0. 46  6 

0.06 

0.467 

0.06 

0.46  8 

0.05 

3. 46  9 

0.05 

0.  4:  0 

0.  13 

0. 47  1 

0.16 

0.  47  2 

0.16 

0.47  3 

0.  15 

0.47  4 

0.  13 

0. 47  5 

0.11 

0. 476 

0.09 

0.47  7 

0.  09 

0.47  8 

0.  OS 

0.47  9 

0.  09 

0.  4E  0 

0.  1C 

0. 46  1 

• 

0.  IC 

0.462 

0.11 

0.  46  3 

0.11 

0.  46  4 

' 

C.  1 1 

0. 46  5 

0.  n 

0.45  6 

0.  1C 

0.46  7 

• 

0.  1C 

0.468 

0.  ic 

0.459 

C • 1 c 

0. 4S0 

0.  1C 
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O.iSl  p 

o.«s2  a 

0«'454  2.<1  ?.C2  0.07  O.OC  f.23  *£.61  0.73  -0.6)  0 

0.4s5  S.(3  3.C3  O.Oe  O.OC  3.23  -C^Cl  0.73  -0.6)  0 

0.4S6  2.59  3.C3  0.07  O.Oc  S»23  -£•«)  0,73  -0.6)  0 

0.497  ‘ 2.90  3.C3  0.07  O.OC  3.23  -C.ei  0.73  -0.6)  0 

0.^98  2*97  3.C3  0,09  -0,0c  3*23  “C*<2  0,73  -0,62  0 

0.499  3.C2  3.C3  0,l2  -O.Oc  3»23  -C*e2  0,73  -0,62  0 

0.5C0  3.C6  3.C3  0,15  -O.OC  3.23  -C.62  0.73  -0.62  0 

SCI  3.C8  3.C3  O.le  -O.OC  3.23  -C.62  0,73  -0.62 


Table  2b  (2) 


TiM!  MLO  NUC 


(SEC  ) 

ESt 

T9t£ 

E?T 

TCUE 

0.  02  2 

c .7  3 

1 .C5 

-0.  3C 

o.oc 

0.023 

<•73 

3 .C4 

-C.3< 

o.oc 

0.024 

< •€  1 

3 .C4 

-0.35 

-o.ac 

0.025 

<.f4 

3 .C4 

-0.4C 

-o.oc 

0.  02  6 

< • f“6 

3 .C  3 

-0.44 

r 0 . OC 

0.  32  7 

< . f 9 

3 .C3 

-0.44- 

-o.oc 

0.  02  3 

1 1 

3 .C  3 

-0..- 

'•o.oc 

0.  029 

< .«2 

2 .C  3 

-0.5C 

O.OC 

0.  04  0 

< .3  3 

2 .t4 

-0.51 

o.oc 

0.04  1 

< .«  4 

2 .C4 

-3.5C 

O.OC 

0.  04  2 

< .«  3 

2 .C4 

-0.49 

o.oc 

0.  04  3 

< .'  2 

2 .C4 

-0.45 

o.oc 

0. 044 

< 1 

2 .C4 

-0.46 

o.oc 

0.  04  5 

c .4  9 

2 .C4 

-0.44 

-o.oc 

3.  04  6 

2.4  7 

2 .C4 

-0.41 

-o.oc 

0.  34  7 

2.4  5 

2 .C4 

-0.  35 

-0.  oc 

0.  04  0 

2.4  2 

2 .C4 

-0.35 

-o.oc 

0.  34  9 

2 .79 

2 .C  4 

-0.  3e 

-o.oc 

3.  05  0 

2.7  7 

2 .C  4 

-0.26 

3.  oc 

0.  05  1 

2.74 

2 .C4 

-0.25 

o.oc 

3.  05  2 

2.7  2 

2 .C4 

-0.22 

o.oc 

0.05  3 

2.70 

2 .C4 

-0.19 

o.oc 

0.  0!  4 

2.48 

2 .C4 

-3.  16 

o.oc 

0.  o;  5 

2.4  7 

2 .C4 

-0.12 

o.oc 

3.  05  6 

2.46 

2 .C4 

-3.  1C 

- 0.  oc 

0.  32  7 

2.46 

2 .C  4 

- 0.  05 

-0.  oc 

0.  35  8 

2.4  5 

2 .C4 

- 3.  34 

-o.oc 

0.  05  9 

2 .4  5 

2 .C  4 

-3.04 

- 0.  oc 

0.  0<  0 

2.4  5 

2 .C4 

-3.02 

-O.OC 

0.  04  1 

2.45 

2 .C4 

-3.02 

- c.  oc 

3.  04  2 

2.4  4 

2 .C  4 

- 0.  01 

o.oc 

0.  0(  3 

2 .4  3 

2 .C  4 

- 0.  01 

0.  oc 

0.  Ot  4 

2.4  2 

2 .C  4 

-3.02 

0.  oc 

0.  04  5 

2.4  0 

2 .C4 

-0.02 

c.  oc 

0.  04  6 

2.5  7 

2 .C4 

-3.  04 

o.oc 

0. 0<  7 
3.  0<  3 
0. 0<  9 
3. 07  0 
0.  37  1 
0.  07  2 
0. 07  3 
0. 07  4 
3.  07  5 
0. 07  6 
0.077 
3.  07  9 
3.  07  9 
3,  3!  0 


r-uT 

hU7 

MtlC 

N(,G 

MI  S5 

(M  ) 

c 

.22 

c.co 

-2.ac 

O.OC 

0.42 

c 

.22 

-C  .CO 

-2.2C 

-o.oc 

0.42 

c 

.2  1 

-C  .CO 

-2.2C 

-0.  OC 

0.  42 

c 

.2  1 

-C.CO 

-2.2C 

-O.OC 

0.42 

c 

.2  1 

-C.CO 

-2.2c 

-O.OC 

0.42 

c 

.21 

-C  .CO 

-2.2C 

-O.OC 

0.42 

c 

.21 

-C.CO 

-2.2C 

-O.OC 

0.42 

c 

.21 

c.co 

-2.2C 

0.  oc 

0.  42 

c 

.2  1 

c.co 

-2.2C 

O.OC 

0.42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0.42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0.42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0.42 

c 

.2  1 

c.co 

-2.ac 

o.oc 

0 . 42 

c 

.2  1 

-c.co 

-2.2C 

-o.oc 

0.4: 

c 

.2  1 

-c.co 

-2.2C 

-o.oc 

0.42 

c 

.3  1 

-C  ,C  3 

-2.cC 

-o.oc 

0.42 

c 

.2  1 

-c.co 

- 2 . 2 C 

-o.oc 

0.  42 

c 

.2  1 

-c.co 

-2.2C 

-o.oc 

0.42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0.42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0. 42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0.42 

c 

.2  1 

c.co 

-2.2C 

o.oc 

3.42 

c 

.2  1 

c.co 

-2,2C 

o.oc 

0.42 

c 

.2  1 

c.co 

-2 , 2 C 

o.oc 

0,42 

c 

.2  1 

-C  .CO 

-2.2C 

-o.oc 

0.4: 

c 

.2  1 

-c.co 

-2.2C 

-o.oc 

0 .42 

c 

.2  1 

-c  .CO 

-2.2C 

-o.oc 

0. 42 

c 

.2  1 

-c.co 

-2.2C 

-o.oc 

0.4: 

c 

.2  1 

-C.CO 

-2.2C 

-o.oc 

0.42 

c 

1 . 

-C  .C  0 

-2.2C 

-o.oc 

0.4: 

c 

.2  1 

c.co 

-2.2C 

3.  oc 

3.4: 

c 

.2  1 

C.CO 

-2.2C 

o.oc 

3.42 

c 

.2  1 

c.co 

-2.2C 

0.  oc 

0.4: 

c 

.2  1 

c.co 

-2.2C 

o.oc 

0.4: 

c 

. 2 1 

c.co 

-2.2C 

0.  oc 

0.4: 

0.4: 

3.4? 
0.4- 
C . 4i 

J . 42 

3.  34 

3.14 

3.3  3 
0.  li 
3.14 
0.  OS 
0.33 
0.  35 
3.  1C 
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0.0(  1 

0.  12 

0.  3C  2 

0.  12 

0.0E3 

0.  1C 

3.  0E& 

0. 37 

o.oes 

0.  05 

0.0E6 

0.04 

0.0*7 

0.0( 

0.0(8 

0.  04 

0.0(9 

0. 0; 

o.oso 

0.3; 

P.OSl 

0.36 

0.  0?2 

0.06 

0.0S3 

0.06 

q»os4 

0.  06 

0.0^  5 

0.06 

0.0^6 

0.06 

0.0S8 

2 .7  5 

3 .C  1 

-0.54 

o.ot 

2.«7  -C.C6 

0,16  -0.06 

0.06 

q.os9 

c • 7 1 

3 .C2 

-0.  54 

o.oc 

2.67  -C.C6 

0.l6  — 0.06 

0.36 

0.  1C  0 

2.(3 

3 .C2 

-0.  52 

o.oc 

2.68  -C.C6 

0.17  -0,06 

0.06 

0.  1C  1 

2.3  8 

3 .C3 

-0.49 

O.OC 

2.66  -C.C6 

0.17  -0.06 

0.  06 

0.  1C2 

2.3  8 

3 .C4 

-0.47 

-O.OC 

2 .66  -C  .C6 

0.17  -0.06 

0.06 

0.  1C  3 

2.(0 

3 .C4 

• 

0 

1 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.06 

0.  1C4 

2.(5 

3 .C4 

-0.42 

-o.oc 

2.68  -C.C6 

0.17  .,0.36 

0.  06 

0.  1C  5 

2 .(9 

3 .C4 

-0. 39 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.06 

0.  1C6 

2.7  3 

3 .C4 

-0.34 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.06 

0.  1C7 

2.75 

3 .C4 

-0.29 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.06 

0.  1C  8 

2.7  7 

3 .C3 

-0.23 

o.oc 

2.69  -C.C6 

O.p  -0.06 

3.06 

0. 1C9 

2.76 

3 .C  3 

-0.  15 

o.oc 

2.6?  -C.C6 

0.17  -0.06 

0.06 

0.  no 

2.73 

3 .C3 

-0.07 

0.  oc 

2.(9  "C.C6 

0.17  -0.06 

0.06 

0.  Ill 

2 .(  9 

3 .C3 

0.01 

o.oc 

2.68  -C .C6 

0.17  -0.06 

0.06 

0.  112 

2.(4 

3 .C  3 

o.os 

c.oc 

2.68  -C.C6 

0.17  -0.0( 

0.  06 

0*  11  3 

2.3  9 

3 .C4 

C.  15 

-o.oc 

2.68  -C.C6 

0.17  -0.36 

0.06 

0.  114 

2.3  4 

3 .C4 

0.21 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.06 

0.  115 

2.(9 

3 .C4 

0. 2( 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.  06 

0.  116 

l,ib 

3 .C4 

0.29 

-o.oc 

2.69  -C  .C6 

0.1/  — 0.06 

0.06 

0.  117 

2.(3 

3 .C*. 

0.3e 

-o.oc 

2.(8  -C.C6 

0.17  -0,36 

O.OC 

0.118 

2 .(  1 

3 .C4 

0.  33 

-o.oc 

2.68  -C.C( 

0.17  -0.36 

0.06 

0.119 

2.3  9 

3 .C4 

0.34 

o.oc 

2.6$  ”C.C6 

0.17  -0.06 

0.36 

0.  1<  0 

2.3  8 

3 .C3 

0.  35 

o.oc 

2.68  -C .C6 

0.17  -0.06 

0.06 

0.  li  1 

2.3  8 

3 .C  3 

0.3; 

c.oc 

2.68  -C.C6 

0.17  -O.Ot 

0.06 

a.  1*2 

2.3  8 

3 .C  3 

0.3; 

c.qc 

2.68  -C.C6 

0.17  -3.06 

0,06 

0.  12  3 

2 .33 

3 .C4 

0. 35 

o.oc 

2.6  9 -C  .C6 

0.17  -3.36 

3.  06 

0.124 

2.38 

3 .C4 

0.34 

o.oc 

2.69  -C.C6 

0.17  -0,06 

0.  0( 

0.  12  5 

2.3  8 

3 .C4 

C.  34 

-o.oc 

2.69  -C .C6 

0.17  -0.06 

0.06 

0.12  6 

2.33 

3 .C4 

0.33 

-o.oc 

2.68  -C  .C6 

0.17  -0.36 

0.06 

0.  12  7 

2.3  8 

3 .C4 

0.  33 

-o.oc 

2.68  -C .C6 

0.17  -3.36 

0.06 

0.  128 

2.3  7 

3 .C4 

0.32 

-o.oc 

2.68  -(.(6 

0.17  -O.Ci 

3.06 

0.  129 

2.37 

3 .C4 

0,32 

-o.oc 

2.68  -C.C6 

0.17  -0.06 

0.06 

0.130 

2.37 

3 .C4 

0.31 

o.oc 

2.68  -C .C6 

0.17  -0.36 

3.  06 

0.  13  1 

2.36 

’ .C4 

0.3C 

o.oc 

2.63  -t.C6 

0.17  -O.Ct 

0.06 

0.  132 

2.36 

3 .C  3 

0.  3C 

o.oc 

2.68  -C  .C6 

0.17  -0.06 

0.06 
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0.  123 
0.  12  4 
0.  125 
0.  126 
0.127 
0.  128 
3.  129 
0.  KO 
0.  W 1 
0.  142 
0.  14  3 
0.  14  4 
0.14  5 
0.146 
0.  147 
0.  14  8 
0.149 
0.12  0 
0.  li  1 
0.  12  2 
0.12  3 
0.154 
o;  15  5 
0.12  6 
0.  12  7 
0.12  8 
3.12  9 
0.  1<  0 
0.  1<  1 
0.  U2 
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0.  3« 
0.  0< 
0. 0< 
0. 3« 
0.  3t 
0.07 
0.  1C 
0.  14 

0,  u 

0.  It 
0.  12 
0.14 
0.  12 
0.  11 
C.  1 1 
0.11 
0.11 
0.  12 
0.  12 
0.12 
0.  12 
G.  12 
0.12 
0.  12 
0.  12 
0.  12 
0.12 
0.12 
0.  12 
0.  12 


0.  It  4 

2 .C  2 

2 .C4 

0.  34 

-O.OC 

2.24 

C.21 

-0.17 

0.31 

0.12 

0.  It  5 

3 .C  6 

2 .C  4 

0.36, 

-o.oc 

2.24 

C .2  1 

-0.  17 

0.  31 

0.12 

0.  It  6 

2.18 

2 .C4 

0.37 

-O.OC 

2.24 

C.2  1 

-0.17 

0.31 

0.12 

0.  It  7 

2.17 

2 .C4 

0.37 

-o.oc 

2.24 

C.21 

-0.17 

0.31 

0.12 

0.  It  8 

2.2  3 

2 .C  3 

0.  35 

o.oc 

2.24 

C.2  1 

-0.17 

0.31 

0.12 

0.  It  9 

2.2  3 

2 .C  3 

0.  34 

o.oc 

2.24 

C.2  1 

-C.  17 

0.31 

0.12 

0.  170 

2.22 

2 .C3 

0.3c 

o.oc 

2.24 

C.2  1 

-0.  17 

0.31 

0.12 

0.  17  1 

2.2  6 

2 .C  3 

0.  3C 

o.oc 

2.24 

C.21 

-0.17 

0.31 

0.12 

0.  17  2 

2.29 

2 .C3 

0.26 

o.oc 

2.24 

C.2  1 

-0.17 

0.31 

0.12 

0.  17  3 

2.4  1 

2 .C  3 

0. 25 

o.oc 

2.24 

C.2  1 

-0.17 

0.31 

0.  12 

0.  17  4 

2.4  4 

2 .C  3 

0.22 

-o.oc 

2.24 

C.2  1 

-0.17 

0.31 

0.12 

0.  17  5 

2.4  5 

2 .C  3 

0. 2C 

- 0.  OC 

2.24 

C .2  1 

-0.17 

0.31 

0.12 

0.  176 

2.4  6 

2 .C  3 

0.16 

-o.oc 

2.24 

C.21 

-0.17 

0.31 

0.12 

0.  177 

2.4  0 

2 .C  3 

0.12 

-o.oc 

2.24 

C .2  1 

-0.17 

0.31 

0.12 

3.  17  8 

2.4  6 

2 .C  3 

0.  OS 

-o.oc 

2 .24 

C.2  1 

-0.17 

0.31 

0.  12 

0.  17  9 

2.4  5 

2 .C  3 

C . 0 4 

o.oc 

2.24 

C.2  1 

-0.17 

0.31 

0.12 

3.  It  0 

2.4  3 

2 .C  3 

-0.  OC 

o.oc 

2.2  4 

C.2  1 

-C.  17 

0.31 

0.12 

0.  It  1 

2.4  1 

2 .C3 

-0.06 

0.  OC 

2.2  4 

C.2  1 

-0.  17 

0.31 

0.12 

3.  It  2 

2.29 

2 .C  3 

- 0.  11 

o.oc 

2.24 

C.2  1 

-0.17 

0.31 

0.12 

3.  If  3 

2.26 

2 .C3 

-0.  16 

o.oc 

2.24 

C.21 

-0.  17 

0.  31 

0.12 

3.  It  4 

2.2  3 

2 .C  3 

- C.  22 

o.oc 

2.24 

C.2  1 

-0.  17 

C.  31 

0.12 
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0.  If  5 

3*3  0 

3 *C  3 

“ 0 , 27  • 0 . Oc 

2*3  4 

C 

*31 

-C.  17 

0.31 

0.  1C6 

3*26 

3 *C3 

-0.33  "O.OC 

2.34 

C 

.31 

-0.17 

0.31 

0.  If  7 

3*23 

3 *C3 

-0.36  -O.OC 

2t34 

c 

til 

-0.17 

0.31 

0.  If  8 

3*2  0 

3 *C3 

-0.42  -O.Oc 

2*34 

c 

*31 

-0.17 

0.31 

0.  If  9 

3*17 

3 .C  3 

-0.46  -O.OC 

2*34 

c 

.31 

-0.17 

0.31 

0.  150 

3.15 

3 *C3 

-0.52  -O.OC 

2.34 

c 

.31 

-0.17 

0.31 

0.  lei 

3*12 

3 *C  3 

-0.5f  O.Oc 

2*34 

c 

• 3 1 

-0.17 

0.3l 

0.  15  2 

3.10 

3 .C3 

-0.55  O.OC 

2.34 

c 

.3  1 

-0.17 

3.31 

0.  153 

3 *CS 

3 *C3 

-0.62  0,0c 

2.34 

c 

• 31 

-0.17 

0.3l 

0.15^ 

3*C6 

3.C3 

-0.64  O.OC 

2.34 

c 

.31 

-0.  17 

0.31 

0.  15  5 

3 *C  5 

3 *C3 

-0.66  O.OC 

2.34 

c 

.31 

-0.17 

0.31 

0.  156 

3.C4 

3 .C3 

-0.66  -O.OC 

2.34 

c 

.31 

-0.  17 

0.31 

0.  15  7 

2.C3 

3 .C3 

-0.65  -O.OC 

2.34 

c 

.3  1 

-0.17 

0.31 

0.  158 

3.C2 

3 .C3 

-0.65  -O.OC 

2.3  4 

c 

.31 

-0. 17 

0.31 

0.  ie9 
3.  aco 
Q.  2C  1 
0.2t2 
0.  2C  3 
3.2C4 
0.2t5 
0.  2C6 
0.  2C  7 
0.  2ta 
0.2C9 
0.210 
0.211 
0.212 
0.213 
9.214 
0.  215 
0.  216 
0.217 
0.21S 
0*219 
0.220 
0.  22  1 
0.222 
0.223 
0. 22  4 
0.  225 
C.  22  6 
0.  22  7 
C.  22  3 


0. 

23  0 

3.19 

3 .C3 

-0. 22 

0.01 

3.C5  -C.74 

0 

• 

1/1 

1 

o 

• 

0. 

23  1 

3 .C  1 

3 .C  3 

-0.26 

:.oi 

2.C5  -C.74 

0.54  — 3.74 

0. 

23  2 

2.63 

3 .C3 

-0. 25 

0.01 

3 ,C5  -C.74 

0.54  -0.'»4 

0. 

23  3 

2.7  4 

3 .C3 

-0.31 

O.OC 

3.C5  -C.74 

0.54  -0.74 

0. 

23  4 

2 .f  6 

3 .C  3 

-0.35 

-O.OC 

3.C5  -C.74 

0.34  -0.74 

0. 

23  5 

2 .6  2 

3 .C4 

-0.4C 

-O.OC 

3.C5  -C.74 

0.54  -0.74 

0. 

23  6 

2 .f  3 

3 .C4 

-0.44 

-O.OC 

3.C5  -C.74 

0.54  -0.74 

0.  12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0. 12 
0.12 
0.  12 
0.12 

3.12 
0.12 
0.  12 
0.  12 
0.12 

3.12 
0,  Oe 
0.3{ 
0.  16 
0.2C 
0.21 
0.  15 
0.  15 
0.  12 
0.  1C 
0.  05 
0.05 
0. 1C 
0.  11 
0.12 

3.12 
0.  13 
O.li 
0.12 
0.  12 
0.  12 
0.  12 
0.12 
0.  12 
0.  12 
0. 12 
0.  12 
0.  12 
0.  12 
0.12 
0.12 
0.12 
0.12 
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22  7 

2.6  6 

2 ,C4 

-0.47 

-0.  OC 

2.C5  -C.74 

0.54  -0.74 

3.  Ic 

228 

2 .7  1 

2 .6  3 

-0.51 

-O.OC 

2.C5  -C.74 

0.54  -0.'»4 

0.  Ic 

22  9 

2.7  6 

2 .C  3 

-0.54 

-o.oc 

1.C5  -C.74 

0,54  -0.74 

3.  Ic 

24  0 

2.6  0 

2 .C2 

-0.56 

- O.OC 

? .C5  -C .74 

0.54  -0.74 

C.lc 

24  1 

2.6  4 

2 .C  3 

-0.57 

‘ O.OC 

2 .C  5 -C .74 

0.54  -0.74 

0.1c 

24  2 

2*68 

2 .C3 

-3.56 

• o.oc 

2 .C5  -C  .74 

0,54  -0.74 

0.  Ic 

24  3 

2 .S  1 

2 .C3 

-0.5s 

o.oc 

2.C5  -C.74 

0.54  -0.74 

0.  \l 

24  4 

2 .S4 

2 .C  2 

-0. 5S 

0.3C 

2.C5  -C.74 

0.54  -0.74  • 

0.1c 

24  5 

2 .S  6 

2 .C3 

-0.5s 

O.OC 

2.C5  -C.74 

0.54  -0.74 

0.1c 

24  6 

2 .S  8 

2 .C3 

-0.5S 

-o.oc 

1.C5  -C.74 

0.54  -0.74 

0.1c 

24  7 

3 .C  0 

2 .C  2 

-3.58 

-o.oc 

3.C5  -C.74 

0.54  -0.74 

0.1c 

24  8 

2 .C  1 

2 .C3 

-0.56 

'-o.oc 

2 .C5  -C  .74 

0.54  -0.74 

0.  iz 

24  9 

2 .C  2 

2 .C3 

-0.56 

-o.oc 

2 .C5  -C  .74 

0.54  -0.74 

0.1c 

2*  0 

2 .C  3 

2 .C  3 

-0.57 

-o.oc 

2 .C5  -C.74 

0.54  — 0.74 

0.  K 

26  1 

2.C3 

2 .C  3 

-0.57 

o.oc 

2.C5  -C.74 

0.54  -3.74 

0.  \l 

26  2 

2 .C4 

2 .C3 

-0.57 

o.oc 

2.C5  -C.74 

0.54  -0.74 

0.  I'c 

26  3 

2 .C  4 

2 .C  3 

-0. 57 

o.oc 

3.C5  -C.74 

0.54  -0.74 

0.  Ic 

2;  4 

2 .C  4 

2 .C  3 

-0.  57 

o.oc 

3 .C5  -C.74 

0.54  — 0.74 

0.  U 

265 

2 .C4 

2 .C  3 

-0.  57 

o.oc 

2 .C  5 -C.74 

0.54  -0.74 

0.  U 

2i  6 

2 .C4 

2 .C3 

-0.57 

o.oc 

2 .C5  -C.74 

0.54  — 0.74 

0.1c 

26  7 

2 .C4 

2 .C  3 

-0.56 

-o.oc 

2 .C5  -C.74 

0.54  -0.74 

0.  u 

2!  8 

2 .C  3 

2 .C  3 

-0.58 

-o.oc 

2.C5  -C.74 

0.54  — 0.74 

0.1c 

269 

2.C3 

2 .C3 

-0.  5S 

-0.  oc 

2.C5  -C.74 

0.54  -0.74 

C.  12 

260 

2 .C3 

2 .C3 

-0.59 

-o.oc 

2 .C5  -C.74 

0,54  -0.74 

0.  u 

26  1 

2 .C  2 

2 .C  3 

-0.6c 

-o.oc 

2 .C  5 -C.74 

0.54  -0.74 

Q.l'c 

26  2 

2 .C2 

2 .C  3 

-0. 6C 

0.  oc 

2 .C  5 -C.74 

0.54  -0.74 

0.12 

26  3 

2 .C  1 

2 .C3 

-3.61 

o.oc 

2 .C5  -C.74 

0.54  -0.74 

3.12 

26  4 

2 .C  0 

2 .C  3 

-3.61 

o.oc 

2.C5  -C.74 

0.54  -0.74 

3.12 

0.  2<  5 
0. 2<  6 
0. 2<  7 
0.  2<  8 
0.2<9 
0. 270 
0.  2/  1 
0.  272 
0. 27  3 
0. 2"  4 
0.  27  5 
a.  276 
3.  27  7 
0. 278 


0.  12 
0.  12 
a.  12 
0.  12 
0.12 
0.  11 
0.  1C 
O.OS 
0.  OS 
0.  OS 
0.  OS 
0.  OS 
0,  1C 
0.  1C 


3.  279 
0.  26  0 
0.  li  1 
0.2!  2 
0.  26  3 
0.  2f  4 
0.26  5 
3.26  6 
3.  2€7 


0.  1C 
0.  1C 
0.  1C 
0.  1C 
0.  1C 
0.  1C 
0.  1C 
0.  1C 
0.  1C 
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0.  2i  6 

0.2(9 

0.  2<0 

0.  2^  1 

0.2^2 

0.2«  ? 

0.2S4 

Q.  2S  6 

2.13 

0.2«7 

2.13 

0.  2<  8 

2.13 

0.2?  9 

2.13 

0.  3(  0 

2.12 

O.IC  1 

2.11 

0.  3C2 

2 .t9 

0.  3C  3 

2 .C  7 

3.  3(  4 

2 .C  5 

0.  It  5 

2 .C  3 

0.  It  6 

2 .t  0 

0.  3C  7 

2 .?  8 

0.  3t8 

2 .?  5 

0.  3t  9 

2 .?  3 

0.  310 

2 .?  0 

0,311 

2.2  8 

0.  312 

2.2  5 

0.  31  3 

2.2  3 

0.  314 

2.2  1 

3.315 

2.79 

0.  316 

2.7  7 

0.317 

2.75 

0,  31  3 

2.7  3 

0.  319 

2 .7  2 

0.  3<  0 

2 .7  0 

0,  3*  1 

2.2  9 

0.  322 

2.2  8 

0.  3(  3 

2 .2  7 

3.  32  4 

2.26 

0.  3c  5 

2 .2  5 

0.  326 

2 .2  S 

0.  32  7 

2 .2  S 

3.  32  8 

2.2  3 

0.  329 

2 .2  S 

3.  330 

2.2  6 

0.  32  1 

0.  322 

0.  32  3 

0. 32  4 

0.  32  5 

3.  326 

3. 32  7 

3,323 

0.32  9 

I 
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C3 

-0.54 

-c.oc 

3. CO  '■c.tl 

C3 

-C.53 

-O.OC 

3. CO  -C»2C 

C3 

-0.51 

-O.OC 

2.CQ  -c»20 

C3 

-3.4? 

-O.OC 

l.co  -C.20 

C3 

-0.47 

O.OC 

3, CO  -C.20 

C 3 

-0.  42 

O.OC 

3.CC  --C.CQ 

t 3 

-0.44 

O.OC 

3. CO  -C.20 

C3 

-0.42 

O.OC 

3. CO  -C.20 

Cl 

-3,4C 

c.oc 

3. CO  -C.20 

C3 

-0.  32 

O.OC 

3.CC  -C.20 

C3 

-0.32 

-c.oc 

3, CO  -C,20 

t 3 

-0.34 

-c.oc 

3 .CC  -C .2  C 

C3 

-0.32 

-O.OC 

IffO  -C  .2C 

C3 

-3.3C 

-c.oc 

3, CO  -C,20 

C3 

•0.26 

-O.OC 

3, CO  -C.20 

C3 

-0.  25 

-0.  oc 

3. CO  -C.2C 

C3 

•0.23 

O.OC 

3. CO  -C1.20 

C3 

-0.21 

O.OC 

3. CO  -C.20 

Cl 

-0.  16 

O.OC 

3. CO  -c.ec 

C3 

-0.  12 

c.oc 

3.CC  -C.20 

C3 

-0.  14 

0.7c 

3. CO  -C.fO 

C3 

-0.11 

-O.OC 

3 .CO  -C  .20 

C3 

-0.0? 

-O.OC 

3 .CO  -C.20 

C3 

-0.07 

-c.oc 

3. CO  -C.20 

C3 

-0.05 

-c.oc 

3,CC  -C  .20 

C3 

-0. 03 

-O.OC 

3 .CO  -C  .20 

C3 

-0.02 

-c.oc 

3. CO  -C.20 

C3 

-O.OC 

c.cc 

3 .CO  -C  .20 

C 3 

c.oc 

O.OC 

3.CC  -C.20 

C 3 

0.01 

O.OC 

3.CC  -C.20 

C3 

0.  01 

O.OC 

3 .C  0 -C  .2  0 

C 3 

0.01 

O.OC 

3.CC  -C.20 

C3 

0.01 

-O.OC 

3 .CO  -C  .20 

C3 

O.OC 

-c.oc 

3 .CO  tC  .2  C 

C3 

-O.OC 

-c.oc 

3. CO  -C.2C 
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0.5C  -0.61 

00000000 

0.5C  -0.6C 

0.1c  ;i 

0.5C  -0.6C 

o.tc  |{ 

0.5C  -0.6C 

0.1c  |i 

0.5C  -0.6C 

0.1c  \\ 

0.5C  -0.6C 

0.1c  lj 

0.5C  -0.6C 

O.ic  ii 

0.5C  -0.6C 

0,5C  -0.6C 

O.IC  ;1 

0,5C  -0.6C 

O.IC  :i 

0.5C  -0.6C 

O.IC  : j 

0.5C  -C.6C 

0.1c 

0.5C  -0.6C 

O.IC 

0.5C  -0.6C 

0*  1C 

0.5C  -0.6C 

O.IC 

0.5C  -0.6t 

O.IC 

0.5C  -0.6C 

0. 1C 

0.5C  -0.6C 

O.IC 

0,5C  -0.5C 

3.1c 

0.5C  -0.6C 

0.  1C 

0.5C  -0,6C 

O.IC 

0.5C  -0.6C 

3.  1C 

0.5C  -0.6C 

O.IC 

0.5C  -0.6C 

O.IC 

0.5C  -3.6C 

O.IC 

C.5C  -0,6C 

O.IC  i 

0.5C  -C.6C 

0. 1C  ! 

0.5C  -0.6C 

3.1c  ! 

0.5C  -a.6c 

O.IC  ! 

0.5C  -0.6C 

p.u  1 

0.5C  -C.6C 

O.IC  \ 

C.5C  -0.6C 

3.1c  ! 

0.5c  -o.ec 

O.IC  j 

O.SC  -0.6C 

O.IC 

0.5C  -0.6C 

O.IC 

O.IC  j 

O.IC  ! 

: . 1 c 

3.  ic 

O.IC  !' 

0.32 

0.0? 

O.CE 

3.  It 

I 

1 


0.  3<0 
0. 3i  1 
0.  3<2 
0.  3^  3 
0.  3<  4 
0.  34  5 

a.  346 

0.  34  7 
0.  348 
0.349 
0.3*0 
0.  3?  1 
0. 35  2 
0.  3;  3 
0. 35  4 
* 0. 3i 5 
0.356 
0.  35  7 
0.  3i  3 
0.  35  9 
0.  3<0 


0.11 
0,  1C 
0.06 
0.  06 
0.06 
0.05 
0.  Of 
0.06 
0.  3< 
0.06 
0.07 
0. 07 
0.  07 
0.06 
0.06 
0. 36 
0.05 
0.06 
0.06 
0.  oe 

0.  36 


0.  3<  2 

3 .C4 

3 .C3 

0.35 

-0.01 

2.64 

C.C2 

0.14 

0.02 

0.06 

0.  36  3 

. 3 .C6 

3 .C3 

0.2E 

-0.01 

2*64 

C .C2 

0.14 

0,02 

0.06 

0.  36  4 

3 .C7 

3.C3 

0.21 

-o.oc 

2.6  4 

C .C2 

0.14 

0.02 

0.06 

0.  3<  5 

3 .C  9 

3 .C3 

0.  13 

-0.  oc 

2.64 

C .C2 

0.14 

0.02 

0.06 

0. 3<  6 

3.12 

3 ,C3 

0.06 

o.oc 

2.64 

C.C3 

0.13 

0.03 

0.06 

0. 36  7 

3.18, 

3 .C  3 

-0.  oc 

o.oc 

2.64 

C .C3 

0.13 

0.03 

0.06 

0.  36  3 

3.34 

3 .C  3 

-0.  06 

0.  oc 

3.6  4 

C .C3 

0.13 

0.02 

0.36 

0.  36  9 

3.3  0 

3 .C3 

-3.11 

. o.oc 

2.64 

C .C3 

0.13 

0.0  3 

0.06 

0.  37  0 

3.3  7 

3 .C  3 

-0.  15 

o.oc 

2.64 

C .C3 

0.13 

0.03 

0.06 

0. 37  1 

3.44 

3 .C3 

-C.  16 

o.oc 

2.64 

C .C2 

0.13 

0.  02 

0.06 

0.  372 

3.5  0 

3 .C3 

-0.2C 

-o.oc 

2.64 

C .C2 

0.14 

0.02 

0.06 

0.  33  3 

3.5  7 

3 .C  3 

-0.21 

'-  0 . 0 c 

2.64 

C .C2 

0.  14 

0.02 

0.06 

0.  33  4 

3 .6  2 

3 .C3 

-0.2c 

-o.oc 

2.64 

C.C2 

0.14 

0.02 

0.06 

0.  37  5 

3.6  8 

3 .C  3 

-0.2e 

-o.oc 

2.64 

C .C2 

0.14 

0.32 

0.06 

0.376 

3.32 

3 .C  3 

- 0. 22 

-o.oc 

2.6  4 

C .C2 

0.  14 

0.02 

0.06 

0.  33  7 

3.37 

3 .C3 

-0. 2e 

-o.oc 

2.64 

C .C2 

0.  14 

0.02 

0. 06 

0.  33  8 

3.6  0 

3 .C  3 

-0.21 

o.oc 

2.64 

C .C2 

0.14 

0.32 

0.06 

0.  339 

3.6  4 

3 .C3 

-0.  21 

0.  oc 

2.6  4 

C .C2 

0.  14 

0.02 

0.06 

0.  3£  0 

3.67 

3 .C3 

-0. 2C 

, o.oc 

2.64 

C.C2 

0.  14 

3.02 

0.  06 

0.  3£  1 

3.6  9 

3 .C3 

-0.  19 

o.oc 

2*64 

C .C2 

0.14 

0.02 

0.06 

0.  36  2 

3 1 

3 .C3 

-0.  15 

o.oc 

2.64 

C .C2 

0. 14 

0.  02 

0.  36 

0.  3f  3 

3.5  3 

3 .C  3 

-0.  1? 

-o.oc 

2.64 

C .C2 

0.14 

0.0  2 

0.06 

0.  31  4 

3 .«  4 

3 .C  3 

-0.16 

-o.oc 

2 .64 

C .C2 

0.  U 

0.32 

0.3  6 

0.  3£  5 

3 .56 

3 .C3 

-0.  16 

-o.oc 

2.64 

C .C  2 

0.  14 

0.02 

0.06 

0.  3£  6 

3 .5  6 

3 .C3 

-0.17 

-o.oc 

2.64 

C .C2 

0.  14 

0.02 

0.06 

0.  3?  7 

3.5  7 

3 .C3 

-0.17 

-o.oc 

2.64 

C .C2 

0.  14 

0.0  2 

0.0  6 

0.  3£3 

3.5  7 

3 .C3 

-0.  17 

-0.  oc 

2.64 

C .C  2 

0.14 

0.02 

0.06 

0.  36  9 

3.5  6 

3 .C  3 

-0.  17 

o.oc 

2.64 

C .C2 

0.14 

0.0  2 

0.06 

0.  3^  0 

3.5  6 

3 .C  3 

- 0.  17 

o.oc 

2.6  4 

C .C2 

0.  14 

0.0  2 

0.36 

0.  3S  1 

3.5  4 

3 .C3 

-0. 17 

o.oc 

2.64 

C.C2 

0.14 

0.02 

0 . 06 

Table  2b  (2)  Continued 


Page  8 


0.  352 

3 .5  3 

3 .C3 

-0.  17 

o.oc 

2.6  4 

C.C2 

0.14 

0.0c 

0.06 

0.3S3 

3*5  1 

3 .C3 

-.3.17 

o.oc 

2.64 

C .C2 

0.  14 

0.02 

0.06 

0. 354 

3.69 

1.C3 

-0.17 

-o.oc 

2 .64 

C.C2 

0.  14 

0.02 

0.06 

0,355 

3.67 

1 .C3 

-0.17 

-0.0c 

2*64 

C.C2 

0.14 

0.02 

0.06 

0.  35  6 

3.64 

1 .C3 

-0.  17 

-o.oc 

2 .64 

C.C2 

0.14 

0.02 

0.06 

0.  3<7 
0,1S8 
0.35  9 
Q.4C0 
0.4C  I 
0.4C2 
0. 4C  3 
0.4C4 
0.4C5 
0.4(6 
0.4C7 
0.4(6 
0.4(9 
C.410 
3.4]  1 
0.412 
0.413 
0.414 
0.415 
0.416 
0.417 
0.416 
0.419 


0.4 

0.4 

0.4 

0.4 

0.4 

3.4 

0.4 


o.oe 

o.Qe 

3.06 
0.36 
0.36 
0.01 
0.05 
3.  !<; 
0.24 

0.2J 
0.22 
0.  16 
0.15 
0.12 
0.11 
0.  11 
0.12 
0.  n 

0.  14 
0. 15 
0.  15 
0.15 
0.  15 
0.  U 
3.  14 
3.  14 
0.  14 
0.  14 
0.  14 
0.14 


0.  42  6 

1.4  1 

3 .C2 

-0.41 

O.OC 

1 

.50 

-C.  18 

1.4C  -0.16 

0.14 

0.  429 

1 .7  6 

1 .C2 

0.04 

O.OC 

1 

.50 

-C  .18 

1.4C  -o.ie 

0.14 

0.470 

1 .54 

3 .C2 

0.25 

O.OC 

1 

.50 

-C  .18 

1.4C  -3.18 

0.  14 

0.  43  1 

1 .36 

3 .(3 

0. 25 

O.OC 

t 

.50 

-C  .16 

1.4C  -0.16 

0.14 

0.  43  2 

1 .29 

3 .C  3 

0.22 

-O.OC 

1 

.50 

-C  . 18 

1.4C  -0.15 

0.14 

0.433 

1.2  7 

3 .C3 

0.22 

-o.oc 

3 

.50 

-C  . 1 8 

1.4C  -0.16 

Q.  14 

0.434 

1.26 

3 .C3 

0.24 

-o.oc 

.5  0 

-c.is 

1.4C  -Q.16 

0.14 

0. 43  5 

1.33 

3 .C3 

0.25 

-o.oc 

.50 

“C  . 1 8 

1.4C  -0.16 

0,14 

0.436 

1.4  4 

3 .C3 

0.23 

-o.oc 

1 

.50 

-C  .16 

1.4C  -0.16 

0.14 

0.437 

1 .53 

3.C3 

0.17 

-o.oc 

1 

.50 

-C  .1? 

1.4C  -0^16 

0.14 

9.  43  6 

1 .74 

3 .C3 

0.06 

o.oc 

1 

.50 

--c.ie 

1.4C  -C.16 

0.  u 

0.  43  9 

1 .67 

3 .C3 

-0.02 

o.oc 

.50 

-C  . 1 s 

1 .4C  -0.  16 

0. 14 

0.44  0 

1 .53 

3 .C2 

-0.  1C 

o.oc 

3 

.50 

-c.ie 

1.4C  -Q.15 

0.  14 

0. 44  1 

2 .C5 

3 .C3 

-0.  17 

o.oc 

1 

.50 

-C  . 1 ? 

1.4C  -0.16 

0.  14 

0. 442 

2.11 

3 .C3 

-0.22 

o.oc 

1 

.5  0 

-C  .18 

1 . 4 C -0.16 

0.  14 

0.44  3 

2 .1  S 

3 .C3 

-0.26 

o.oc 

■1 

*5  0 

"C  .18 

1.4C  -3.16 

0.14 
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0.  A4  A 

c .18 

3 .C  3 

-0.29 

-O.OC 

3 .9  0 -c  . 1 8 

l.AC  -o.ie 

0.  A4  5 

c • < 0 

3 .C3 

-0.3c 

-O.OC 

3 .9  0 -C . 1 8 

l.AC  -0.16 

.0.  A4  6 

2 • < 1 

3 .C3 

-0. 3A 

-O.OC 

3.90  -C.18 

l.AC  -0.16 

3.  A4  7 

c • Z 2 

3 .C  3 

-0.  35 

-O.OC 

3.90  -C  . 1 8 

l.AC  -o.ie 

0.  A48 

c • < 2 

3 .C  3 

-0.  3t 

-O.OC 

3.90  -C  . 1 8 

l.AC  -o.ie 

0.  A49 

c.c2 

3 .C3 

-0. 37 

C.OC 

3.90  -C.I8 

l.AC  -o.ie 

O.AtO 

c • c 2 

3 .C3 

-0. 36 

O.OC 

3.90  -C  . 18 

l.AC  -o.ie 

3.  A'  1 

<•2  2 

3 .C3 

-0.  39 

O.OC 

3.90  -C.18 

l.AC  -rc.ie 

0.  A!2 

c • Z 3 

3 .C3 

-0.  39 

O.OC 

3.90  -C.18 

l.AC  -o.ie 

0.  A*  3 

c « Z 3 

3 .C3 

-O.AC 

O.OC 

3.90  -c . 18 

l.AC  -o.ie 

Q.  At  A 

c • Z 3 

3 .C  3 

-0.  AC 

O.OC 

3.90  -C  . 18 

l.AC  -0.16 

0.  A5  5 

c • Z 3 

3 .C  3 

-0.  A1 

-O.OC 

3.90  -C  . 18 

l.AC  -o.ie 

0.  At  6 

c • Z 4 

1 .C3 

-0.  A1 

-O.OC 

3.90  -C .18 

l.AC  -0.16 

0.  A5  7 

Z • Z 4 

3 .C  3 

-0.  A1 

-O.OC 

3.90  -C  . 18 

l.AC  -C.lc 

0.  A5  8 

c • Z 5 

1 .C3 

-0.  Ac 

-O.OC 

3.90  -C . 1 8 

l.AC  -0.16 

0.  A59 

C.Z5 

3 .C3 

-0.  Ac 

-c.  oc 

3.90  -C.13 

l.AC  -0.16 

0.  At  0 

Z • Z 6 

3 .C3 

-0.  A3 

O.OC 

3.90  -C  .13 

l.AC  -0.16 

0.  At  1 

Z • Z 7 

3 .C3 

-0.  A3 

O.OC 

3.90  -C . 18 

l.AC  -c. le 

o;  At2 

Z.?8 

3 .C  3 

-O.AA 

O.OC 

3.90  -C  .18 

l.AC  -0.16 

0.  At  3 
6.  A<  4 
0.  At  5 
‘ 0. At  6 
O.At? 
’ 0. At  9 
0.  At  9 

0.  a:  c 
0.  a:  1 
0.  a:  2 
0.  a: 3 

0, 47  A 
0 • A*  5 
O’.  A7  6 
0.  A77 
0.  A";  3 
0.  A7  9 
0.  At  0 
0.  At  I 
0.  At  2 
0.  At  3 
0.  At  A 
. 0. At  5 
■ 0. At  6 
0.  At  7 
C.  At  8 
3.  At  9 
0.  A«  0 
q.  AC  I 

0.  AS  2 
3.  AS  A 
3.  A<;  5 


3.  U 
0.  14 
3.  14 
3.14 
0.14 


0. 

3. 

0. 

0. 

0. 

3. 

0. 

3. 

0, 

3. 

3. 

0. 

0, 


14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 


3.14 

3.14 


14 

14 

14 

14 

1C 


3.16 
3 .J  A 


3 .C  A 
3 .C  A 


0.56  C.OC  2. cl  -C.45  -0.29  -0.A5 
O.At  O.OC  C.21  -C.45  -0.29  -0.45 


0.39 
0.  21 
0.  27 
0. 29 
0. 2t 
0. 2C 
0.  It 
0.12 
3.11 
0.11 
G.  U 
3.  14 
C.  U 
0.  It 
0.  17 
3.  It 
0.  If 
C.  li 
0.15 
0.  15 
0.  It 
0.  15 
3.  15 
3.  i; 
3.  It 
0.15 
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0.  6 
0.4S7 
0.4S8 
Q.  US9 
0.5[0 
0.5(1 


3.31  3.(4 

3.37  3.(3 

3.<1  3.(3 

3. <4  3.C3 

3 5 3 .(2 

3-/5  3.(3 


0.4C  O.OC 
0.3C  O.OC 
O.U  -O.OC 
0.04  -O.OC 
0.05  -O.OC 
0.14  -O.OC 


;.«i  -c.*5 

2,J1  -C.45 

2.20  -C.4S 
2,2q  -C.45 

2.20  -C.45 

2.20  ^C.45 


Table  2b  (3) 

1 

TIME 

Ml? 

6UD 

PUT 

HUT 

riuG 

nlg 

MISS  ■ 

(ESC  ) 

E5T 

79lE 

SET 

TPUE 

(r*) 

0.032 

2.29 

2.C5 

-0.42 

o.oc 

C.32 

c.co 

-2.2C 

o.oc 

0.43 

0.02  3 

2.26 

2 .C4 

-0.f2 

o.oc 

c .32 

-c.co 

-2.2C 

-o.oc 

0.43 

0.  02  4 

2.2  3 

2 .C4 

-0.44' 

-o.oc  ■ 

C .31 

-c.co 

-2.2C 

-o.oc 

0. 43 

0.035 

2.29 

2 .C4 

-0.42 

-o.oc 

C.31 

-C  .CO 

-2.2C 

-o.oc 

0,43  1 

0.026 

3.2  7 

2 .C3 

-0,4C 

-o.oc 

C.31 

-c.co 

-2.2C 

-O.OC 

0.43 

• 0.027 

2.2  5 

2 .C3 

-0.  37 

-o.oc  . 

c.31 

-C.CO 

-2.2C 

-o.oc 

0.42 

0.  028 

2.24 

2 .C3 

-0.  31 

-o.oc 

c.31 

-c.co 

-2.2C 

-O.OC 

0.43 

0.  02  9 

2.2  4 

2 .C3 

-0.25 

o.oc 

c.31 

C.CO 

-2.2C 

o.oc 

0.43 

0.  0<  0 

2.2  4 

2 .C4 

-C.  16 

0.  oc 

C.31 

c.co 

-2.2C 

O.OC 

0.42 

0. 0<  1 

2.2  5 

2 .C4 

-0.11 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.43 

0.04  2 

2 .2  5 

2 .C4 

-C.04 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.43 

0.042 

2.27 

2 .C4 

0.  02 

0.  oc 

C.31 

c.co 

-2.2C 

o.oc 

0.43 

0. 04  4 

2.2  8 

2 .C4 

o.oe 

o.oc 

C.3  1 

c.co 

-2.2C 

o.oc 

0.43 

0.  04  5 

2.2  9 

2 .C4 

0.  12 

-o.oc 

C.31 

-c.co 

-2.2C 

-o.oc 

0,43 

0.046 

2.2  1 

2 .C  4 

0.  17 

-o.oc 

C.31 

-c.co 

-2.2C 

-o.oc 

0.43 

0.  04  7 

2.22 

2 .C4 

0.2C 

-o.oc 

C.31 

-c.co 

-2.2C 

-o.oc 

0.43 

0.  04  0 

2 .2  4 

2 .C4 

0.  23 

-0.  oc 

C.31 

-c.co 

-2.2C 

-o.oc 

0.42 

0. 049 

2.2  5 

2 .C4 

0.25 

-o.oc 

C .3  1 

-c.co 

-2.2C 

•.o.oc 

0.43  i ' 

0.  050 

2.27 

2 .C4 

0.26 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.43  ; j 

0.  05  1 

2.23 

2 .C4 

0.27 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.42 

0.  05  2 

2.29 

2 .C4 

0.27 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.42 

0.  05  3 

2.4  1 

2 .C4 

0.27 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.42 

0.  05  4 

2.4  2 

2 .C4 

0.27 

o.oc 

C.31 

c.co 

-2.2C 

o.oc 

0.42 

0.  05  5 

2.4  3 

2 .C4 

0.  27 

o.oc 

C.3  1 

c.co 

-2.2C 

o.oc 

0.42 

0.056 

2.4  4 

2 .C4 

0.  27 

-o.oc 

C.3  1 

-c.co 

-2.2C 

-o.oc 

0,43 

0.  05  7 

2.4  5 

2 .C4 

0.  27 

-o.oc 

C.3  1 

-c.co 

-2.2C 

-o.oc 

0.43 

0.  05  8 

2.4  6 

2 .C4 

0.27 

-o.oc 

C.21 

-c.co 

-2.2C 

-o.oc 

0.42 

0.05  9 

2.47 

2 .C4 

0.20 

-o.oc 

C .2  1 

-c  .CO 

-2.  2C 

-o.oc 

0.  42 

0.  06  0 

2.4  8 

2 .C<. 

0.26 

-o.oc 

C.2  1 

-c.co 

-2.2C 

-o.oc 

0.42 

0.  06  1 

2.5  0 

2 .C4 

0.29 

-o.oc 

C.21 

-c.co 

-2.2C 

-o.oc 

0.43 

0.06  2 

2.5  1 

2 .C  4 

0.29 

o.oc 

C.2  1 

c.co 

-2.2C 

o.oc 

0.42 

0.  06  3 

2.52 

2 .C  4 

0.  3C 

o.oc 

C,21 

c.co 

-2.2C 

o.oc 

0.42 

0.  06  4 

2.54 

2 .C4 

0. 3C 

o.oc 

C.21 

c.co 

-2.2C 

o.oc 

0.43 

0.065 

• 2.5  5 

2 .C4 

0.  3C 

0.  oc 

C.2  1 

C .CO 

-2. 2C 

o.oc 

0. 42 

0.  06  6 

2 .5  6 

2 .C  4 

0.  3C 

0.  oc 

C.2  1 

c.co 

-C.2C 

o.oc 

0.4  2 

0.067 

0.42 

0.06  3 

0.42 

0.06  9 

C.  43 

0.  0-/  0 

0. 42 

0.  OT  1 

0.42 

0.  OT  2 

0.32 

0.07  3 

0.  34 

0.07  4 

0 . 24 

0.  07  5 

3.  37 

0.076 

0.  39  . 

0. 07  7 

0.32 

0.07  3 

0.23 

0.079 

0.12 

0. 06  0 

0.  36 

- 318 

Tl 


Table  2b  (3)  - Continued 


Page  2 


o.oci 

0.0{2 

0.0C3 

0.0(4 

0.0(5 

o.oe6 

0.0(7 
0.0(3 
0.0C9 
0,050 
0.05  1 
0.052 
0.053 
0.054 

0.  05  5 
0.056 
a.  OS  3 

1 .C4 

0.41 

-O.OC 

2.7  1 

C.2 

2 

I.IS 

0.32 

0.04 

0.  05 
0.07 
3,  1C 
0.  13 
0.14 
0.15 
0. 14 
0.  13 
0.12 
0.11 
0.  11 
0.11 
0.  11 
0.  12 
0.  if 
0.12 

0.  05  9 

1 .2  8 

3 .(  1 

0.24 

-o.oc 

3.7  1 

C.2 

2 

1.2C 

3.32 

0.12 

0. 1(0 

1 .<4 

1 .(2 

•fO.04 

-o.oc 

3.71 

C.2 

2 

1.2C 

0.32 

3.  12 

0.  1C  1 

1.52 

3 .C3 

-0.02 

-o.oc 

3.71 

C.2 

2 

1.2C 

0.32 

0.  12 

0.  1(2 

1 .<  6 

3 .(4 

-O.OC 

o.oc 

3.71 

C.2 

2 

1.2C 

0.32 

0.  12 

0.  1(3 

1 .<  6 

3 .(4 

-o.oc 

o.oc 

3.72 

c*3 

2 

1.21 

0.32 

0.12 

0.  1(4 

1 .<  9 

3 .C5 

-0.03 

o.oc 

3.72 

c.2 

2 

1.21 

0.32 

0.12 

0.  1(5 

1 .5  4 

3 .(4 

-0.06 

0.  oc 

3.72 

C.2 

2 

1.21 

0.32 

0.12 

0.  1(6 

1 .(2 

3 .(4 

-0.11 

o.oc 

2.7  1 

C.2 

2 

1.2C 

0.32 

0.12 

0.  1(7 

1 .70 

3.(4 

-0.  IS 

o.oc 

3.71 

C.2 

2 

1.2C 

0.32 

0.12 

0. 1(8 

1 .’9 

2 .(3 

-0.18 

-o.oc 

3.71 

C.3 

2 

1.2C 

0.32 

0.12 

0.1(9 

1 .(  7 

3.(3 

-0.21 

-o.oc 

3.71 

C*3 

2 

1 .2C 

0.32 

0.12 

0. 1]0 

1 .56 

2.(3 

-0.21 

-o.oc 

3.71 

C.2 

2 

1.2C 

3.32 

0.  12 

0.  11 1 

1.(6 

3 .(3 

-0.24 

-o.oc 

2.7  1 

C.2 

2 

1.2C 

0.  32 

0.  12 

0.  112 

1.15 

3 .(3 

-0.25 

-o.oc 

2.7  1 

C.3 

2 

1.2C 

0.32 

0.12 

Q.  113 

1.15 

2 .(4 

-0.25 

o.oc 

3.71 

C .2 

2 

1.2C 

0.32 

0.12 

0.114 

1.24 

2.(4 

-0.25 

o.oc 

3 .7  1 

C.2 

2 

1. 2C 

0.  32 

0.12 

0.115 

1 2 

3 .(4 

-0.25 

o.oc 

3.71 

C.2 

2 

1.2C 

0.32 

0.12 

0.  116 

1.5  0 

3.(4 

-0.24 

o.oc 

3.71 

C.2 

2 

1 .2C 

0.32 

0.  12 

0.  117 

1.55 

2 .(4 

-0.  22 

o.oc 

3 .71 

C.2 

2 

1.2C 

0.32 

0.12 

0.  118 

1.(0 

3.(4 

-0.21 

o.oc 

3.7  1 

C.3 

2 

1.2C 

0.32 

0.12 

0.  119 

2.(4 

3 .(4 

-0.21 

-o.oc 

3.7i 

C.2 

2 

1.2C 

0.32 

0.12 

0.  1<  0 

1.(5 

2 .(3 

-0. 2( 

-c.oc 

2 .7  1 

C.3 

2 

1.2C 

0.32 

0.12 

0.  Ill 

1.(6 

3.(3 

-0.  15 

-o.oc 

3.7  1 

C.2 

2 

1.2C 

0.32 

0.12 

0.  1<  2 

1.(7 

3.(3 

-0.  IS 

-o.oc 

3.71 

C.2 

2 

1 .2C 

0.32 

0.12 

0.  113 

1.(6 

3.(3 

-0.  le 

-o.oc 

2.71 

C.2 

2 

1.2C 

0.32 

0.12 

0.  1(4 

1.(5 

3 .(4 

— 0 . 1 7 

- 0.  oc 

2.7  1 

C.2 

2 

1.2C 

0.32 

0.  12 

0.  11  5 

1.(3 

3.(4 

-0.17 

c.oc 

2.7  1 

C.2 

2 

1 .2C 

7.32 

0.12 

0.116 

1.(0 

2.(4 

-0.  1( 

o.oc 

3.7  1 

C.2 

2 

1.2C 

0.  32 

0.12 

0.  117 

1.57 

2.(4 

-0.  16 

o.oc 

3 .7  1 

C.2 

2 

1.2C 

0.32 

0.12 

0.  11  6 

1 .5  4 

2 .(4 

-0.  15 

o.oc 

3.7  1 

C.2 

2 

1.2C 

0.32 

0.12 

0.  119 

1 .5  1 

2 .(4 

-0.  15 

o.oc 

3.71 

C.2 

2 

1.2C 

0.32 

0.12 

0.  120 

1./7 

2.(4 

-0.  15 

-o.oc 

3 .7  1 

C.2 

2 

1.2C 

0.32 

0.  12 

0.  121 

1.(4 

3.(4 

-0.14 

-o.oc 

2.71 

C .2 

2 

1.2C 

0.  32 

0.  12 

0.  122 

1.(0 

3.(3 

-0.14 

-o.oc 

2.71 

C.2 

2 

1.2C 

0.32 

0.  12 
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0.  n 3 

0.114 
0.  135 
0.  116 
0.  137 
9.138 
0.139 
0.  1«0 
0.  141 
0.  U2 
0.  143 
0.  144 
0.  145 
0.  146 
0.  147 
0.  146 
0.  149 
0.1*0 
0.  i;  1 


0.  Ic 
0.  13 
0.  13 
0.  U 
0.13 
0.0- 
0.06 
0.  u 

0.23 
0.23 
0. 2C 
0.  16 
0.12 
0.09 
0.07 
O.OE 
0.09 
0.  1C 
0.13 


0.  1:2 

0.  1*  3 
0.114 

0.  13  5 

0.  116 

0.  117 

0.  13  8 
0.119 

3.  ItO 

0.  1<  1 

0.  1<  2 

0.  It  4 

3.47 

3 .C5 

0.2c 

o.oe 

2.34  -C.16 

-0.17  -0.16 

0.  12 
0.13 
0.  13 
0.  12 
0.  12 
0.11 
0.11 
0.11 
0.  11 
0.11 
0.11 
0.12 

0.  It  5 

3.49 

3 .C5 

0.  18 

0.0c 

2.34  -C.16 

-0.17  -0.16 

0.12 

0.  1<  6 

3.30 

3 .C4 

0.  16 

0.0c 

2.34  -C . 16 

-0.17  -0.16 

0.11 

0.  16  7 

3.31 

3 .C4 

0.14 

0.0c 

2.34  -C.16 

-0.17  -0.16 

0.  11 

0.  16  8 

3.32 

3 .C3 

0.  13 

-0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  169 

3.14 

3 .C  3 

0.  11 

-0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  I’O 

3 .3  6 

3 .C3 

0.  1C 

-0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  17  1 

1.3  7 

3 .C3 

0.09 

-0.0c 

2.34  -C.16 

• 

0 

1 

• 

0 

1 

0.  11 

0.  17  2 

3.37 

3 .C3 

o.oe 

-0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  17  3 

3.3  3 

3 .C3 

o.oe 

-0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.174 

3.4  3 

3 .C4 

0.  1C 

0.  PC 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  17  5 

3 .3  1 

3 .C4 

0. 13 

0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.176 

3.18 

3 .C4 

0.  16 

0.  oc 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  17  7 

3.10 

3 .C4 

0.18 

0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  17  8 

3 .C  6 

3 .C  3 

3.  19 

o.oe 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  17  9 

3 .C6 

3 .C3 

0.  19 

-0.0c 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.16  0 

3 .C7 

3 .C3 

0.19 

-o.oe 

2 .34  -C.16 

-0.17  -0.16 

0.11 

0.16  1 

3 .C  8 

3 .C3 

0.  18 

-o.oe 

2.34  -C.16 

-0.17  -0.16 

0.  1 1 

0.  16  2 

3.10 

3 .C3 

0.17 

-o.oe 

2.34  -C.16 

-0.17  -0.16 

0.11 

0.  16  3 

3.12 

3 .C3 

0. 17 

-o.oe 

2.34  -C.16 

-0.17  -0.16 

0.11 

0. 1 : 4 

3.14 

3 .C3 

0.  16 

-o.oe 

2.34  -C.16 

-0.17  -0.16 

0.11 
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Cities 
Q.ie6 
0.  117 

o.ies 

0.1€9 
0.  ISO 
0.  ISl 
0.  1S2 
0.  IS  3 
0.  IS^ 
o.iss 
9.1S6 
0.  1S7 
0*  1S8 
0.  IS9 
0,2CC 
0.  2C1 
0.2C2 
0.2C3 
0«2C4 
0,2CS 
0.2C6 
0.2t7 

0. 2ce 

0.2C9 
0.210 
0.211 
0.212 
0.213 
0.214 
0.215 
0.  216 
0.217 
0.218 
0.219 
0.220 
0.221 
0.  222 
0.223 
0.224 
0. 22  5 
0,226 
0.227 
0.22  6 
0,230 
0. 21 1 
0.  21  2 
0.  21  3 
0.214 
0.215 
0.  216 


.15 

3 .C3 

0.  15 

o,oc 

2.34  -e.l6 

-0.17 

.17 

1 .C3 

0.  IS 

o.oe 

2.34  -e.l6 

-0.17 

.18 

3 .C3 

0.  14 

O.pc 

2,34  -e.l6 

-0.17 

.20 

3.C3 

0.14 

o.oe 

2.34  -e.l6 

-0.17 

.<1 

3.C3 

0.14 

o.oe 

2«34  -e.l6 

-0.17 

.22 

3.C3 

C.  14 

o.oe 

2^4  -e.l6 

-0.17 

. 2 3 

3 .C3 

0.13 

-o.oe 

2,34  -e.l6 

-0.17 

.24 

3.C3 

0.  13 

-o.oe 

2.34  -C.16 

-0.  17 

.25 

3 .C3 

0.  13 

-o.oe 

2.34  -C.16 

-0.17 

.2  6 

3 .C3 

0.  13 

-o.oe 

2.34  -e.l6 

-0.17 

.26 

3.C3 

0.13 

-o.oe 

2.34  -e,}6 

-C»  17 

.25 

3.C3 

0.13 

o.oe 

|.?4  1.C.I6 

r0,l7 

.24 

3 .C3 

0.  12 

o.oe 

2.34  -e.l6 

-0.17 

.2  3 

3 .C3 

0.12 

o.oe 

2.34  -C.16 

-0.  17 

’ 3 
<5 

3 .e3 

3 .C3 

0.43 

0.43 

-o.oe 

-o.oe 

3.27 

3.27 

C.13 

C,13 

0.76 

0.7t 

0.13 

0.13 

5 4 

3 .C  3 

0.44 

-o.oe 

3.27 

C.13 

0.76 

0.13 

4 U 

3 .e3 

0.46 

-o.oe 

3.27 

e.iF 

0.76 

0.13 

3 8 

3 .e  3 

0.47 

o.oe 

3.27 

e.i3 

0. 77 

9.13 

3 3 

3 .e4 

0.46 

o.oe 

3.27 

c.13 

0.77 

9.  13 

3 0 

3 .C4 

0.5C 

o.oe 

3.27 

c.13 

0.77 

0.13 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

o.ll 

Q.ll 
0.11 
0.11 
0.  11 
9. 11 
C.  11 
0.  11 
w.  1 1 
0.11 
0.11 
0.11 
0.11 
o.oe 
0.01 
0. 06 
0. 

0.12 
0. 1C 

o. oe 
0,  0! 
0.0! 
0.0« 
Q.Of 

p.  03 
0.04 
0.05 
0.0! 
o.o; 
0.0! 
0.05 
0.04 
0.04 
0.  04 
0.04 
0.04 
0,  34 

0.04 
0.04 
0.04 
0.  04 
0.04 
C.04 
0.  04 
0.04 
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1 


0.  237 

2.29 

.C4 

0.52 

o.oc 

!.27 

C.13 

0.77 

0.13 

0.  238 

2 

J 

.C3 

0.  53 

o.oc 

3.27 

C.J3 

0.77 

0.13 

0.  239 

2.26 

.C3 

0.54 

O.OC 

3.27 

C.13 

0,77 

0,1! 

0.  240 

i *2  5 

t 

.C3 

0.56 

-o.oc- 

3.27 

G.I3 

0.77 

0.13 

0.  24  1 

2.24 

.C3 

0.57 

-o.oc 

3.27 

C.lS 

0.77 

0.13 

0.  24  2 

2.(2 

3 

.C3 

0.57 

-o.oc 

3.27 

c.is 

0.77 

0.13 

0.243 

2.2  1 

3 

.C3 

0.57 

-o.oc 

3.27 

C.13 

0.77 

0.13 

0.24  4 

2.19 

3 

.C3 

0.57 

-o.oc 

3.27 

C.13 

0.77 

0.13 

0.245 

2.18 

3 

.C3 

0^56 

-o.oc 

3.27 

C.l3 

0.77 

0.13 

0.  2<6 

2.17 

3 

.C3 

0.54 

o.oc 

^3.27 

C.13 

0.77 

0.13 

0.247 

2.16 

3 

.C3 

0.51 

o.oc 

3.27 

C.l3 

0.77 

0.13 

0. 24  8 

2.16 

3 

.C3 

0.47 

o.oc 

3.27 

C.l3 

0.77 

0.13 

0.249 

2.17 

3 

.C3 

0.43 

o.oc. 

3.27 

C.IS 

0.77 

0.13 

.0. 230 

2.19 

3 

.x;.3 . 

. 0.37 

o.oc 

3.27 

C.IS 

0.77 

0.13 

0.  2;  1 

2.2  2 

3 

.63 

0.  31 

-o.oc 

3.27 

c.13 

0.77 

0.13 

0.252 

2.26 

3 

.C3 

Q.  23 

-o.oc 

1.27 

C.IS 

0.77 

0.  13 

0.  2*  3 

2.31 

3 

.C3 

0.  18 

-o.oc 

3.27 

C.IS 

0.77 

0.13 

,0.  25  4 

2. lb 

3 

.C3 

0.09 

-o.oc 

3.27 

c.13 

0.77 

0.13 

0.  2*  5 

2.4  3 

1 

.C3 

0.02 

-o.oc 

3.27 

C.IS 

0.77 

0.13 

"0.256 

2.49 

3 

.C3 

-0.04 

-o.oc 

3.27 

c.13 

0.77 

0. 13 

"O.  25  7 

2.56 

3 

.C3 

-0.09 

o.oc 

3.27 

C.IS 

0.77 

0.13 

0.  258 

2.82 

3 

.C3 

-0.13 

o.oc 

3.27 

C.13 

0.77 

0.13 

0.259 

2.88 

3 

.C3 

-0.  16 

0.  oc 

3.27 

C.IS 

0.77 

0.13 

0. 280 

2 .74 

3 

.C3 

-0.19 

o.oc 

3.27 

C.13 

0.77 

0.13 

0.  28  1 

2.7  9 

3 

.C3 

-0.2C 

0.  oc 

3.27 

C.IS 

0.77 

0.13 

0.2(2 

2.8  3 

3 

.C3 

-0.2C 

-o.oc 

3.(7 

C.13 

0.77 

0.13 

0.2(1 

2.(8 

1 

.C3 

-0.2C 

-o.oc 

3.27 

C.IS 

0.77 

0.13 

■0. 28  4 

2.9  1 

3 

.C3 

-0.  19 

-o.oc 

3.27 

C.IS 

0.77 

0.13 

0.  2(5 
.0.  2<6 
0.2(7 
0.2(8 
0.2<9 
0.  2*  0 
0. 2:  1 
0,  272 
0.  27  3 
0.  27  U 
0.275 
a.  276 
0.  27  7 
0.  278 
0. 27  9 


0.28  0 
0.  28  1 
0. 282. 
0.283 
0.2(4 
0.285 
0.  286 
0. 2E  7 


0.04 
0.  04 
0.04 
0.04 
0.04 
0.  04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.  04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.03 
0.02 
0.  08 
0.08 
0.08 
0. 07 
0.  08 
0.04 
0.03 
0.  03 
0.03 
0.03 
0.04 
0.  04 
0.  04 
0. 04 
0. 04 
0.04 
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3.2(0 

0.04 

0.2«9 

0.04 

0.250 

0.04 

0.25  1 

0.04 

0.252 

0.04 

0.253 

0.04 

0.2S4 

0.04 

0.2S6 

3.2* 

3.C4 

0.12 

o.oc 

2.50 

-C.20 

0.3s  -0,2c 

0.04 

0,2S7 

2.25 

3 .C4 

0.14 

o.oc 

2.50 

-C.20 

0.3s  -0.2c 

0.04 

0.25  8 

3.24 

3 .C3 

0.  IS 

Q.OC 

2.50 

-C  .2  0 

0.39  -0.2C 

0.04 

0.2S9 

3.25 

3.C3 

0.  16 

o,oc 

2*50 

■•C  *20 

0,3S  -0.2C 

0.04 

0.  3C0 

3.26 

3.C3 

0.  17 

-O.oc 

2.50 

’^C,20 

p.35  -0.2C 

0.04 

0.  3C  1 

3.27 

3 .C  3 

0.  17 

-o.oc 

2 .50 

-C  .20 

Q.3S  -0.2c 

0.04 

0.3t2 

3.20 

2 .C  3 

0.  17 

-o.oc 

2 *5  0 

-C.20 

0.39  -0,2c 

0.04 

0.3C3 

3.29 

3.C3 

0.16 

-o.oc 

2.50 

-C.20 

0.3S  -0.2C 

0.04 

0,  3C4 

3.31 

3 .C3 

0.  14 

-o.oc 

2.50 

-C  .20 

0.35  -Q.2C 

0.94 

0.  3C5 

2 .32 

3 .C3 

0.  11 

-o.oc 

2.50 

••C.20 

0,35  -0.2c 

0.04 

0.3C6 

2.34 

3 .C3 

0.07 

o.oc 

2.50 

-C . 2 0 

0.35  -C.2C 

0.04 

0.3C7 

2.24 

3 .C3 

0.02 

o.cc 

2.5  0 

-C  .20 

0.35  -0.2c 

0.04 

Q.3C6 

3.33 

3 .C3 

-0.03 

o.oc 

2.50 

-C  .20 

0.35  -0.2C 

o.o« 

0.3t9 

3 .2  1 

3 .C3 

-o.oe 

o.oc 

2 .50 

-C.20 

0.35  -0.2c 

0.04 

0.310 

3.2  0 

3 .C3 

-0.  13 

o.oc 

2t50 

-C.20 

0.39  -0.2c 

0.04 

0.311 

3.2  3 

3 .C3 

-C.  16 

0.  QC 

2 ,50 

-C  .20 

0.39  -0.2c 

0.04 

0.  312 

3.17 

3.C3 

-0.22 

-o.oc 

2 .50 

-C.20 

0.35  -0.2C 

0.04 

0.313 

2 .1  0 

3.C3 

-0.26 

-o.oc 

2.50 

-C  ,20 

0.35  -0.2c 

0.04 

0.  314 

2. Cl 

3 .C3 

-C.32 

-o.oc 

2 .50 

-C  . 2 0 

0.35  -0.2c 

0.94 

0.315 

2.53 

3 .C3 

-0.35 

-o.oc 

2.50 

-C.20 

0.35  -0.2C 

0.04 

0,316 

2.(4 

3 .C3 

-0.35 

-o.oc 

2.50 

-C,20 

0.35  -0.2C 

0.04 

0.  317 

2 .76 

3 .C3 

-0.41 

o.oc 

2.50 

-C.20 

0.35  -C.2C 

0.04 

0.  31  8 

2 .<  8 

3 .C3 

-0.42 

o.oc 

2.50 

-C  .20 

0.35  -0.2C 

0.04 

0.319 

2 .(  1 

3 .C3 

-0. 4« 

o.oc 

2 .50 

-C.20 

0.39  -0.2C 

0.04 

0.  320 

2.55 

3.C3 

-0.47 

o.oc 

2.50 

-C  ,20 

0.35  -0.2C 

0.04 

0. 32  1 

2.49 

3.C3 

-0.46 

o.oc 

2.50 

-C  .20 

0.35  -0.2C 

0.04 

0.  322 

2.45 

3 .C3 

-0.4? 

o.oc 

2.50 

-C.20 

0.35  -0.2C 

0.04 

0.32  3 

2.4  1 

3 .C3 

-0.5C 

-o.cc 

2.50 

-C  .20 

0.39  -0.2C 

0.04 

0.32  4 

2.28 

3 .C3 

-0.51 

-o.oc 

2.5  0 

-C  .2  0 

0.35  -C.2C 

0.04 

0.  32  5 

2 .26 

3 .C3 

-0.51 

-o.oc 

2 .50 

-C  .20 

0.35  -C.2C 

0.04 

0.  32  6 

2 .24 

3 .C3 

-0.52 

-c.oc 

2 .50 

-C.20 

0.35  -0.2C 

0.04 

0.  32  7 

2.22 

2 .C3 

tO.53 

-0.  oc 

?»50 

-C,20 

0.35  -3.2C 

0.04 

0.320 

2.2  1 

2.C3 

-0.53 

o.oc 

2 .50 

-C.20 

0.35  -0.2c 

0.  04 

0.  329 

2.21 

2 .C3 

-0.54 

0.  oc 

2 .50 

-C  .20 

0.39  -C.2C 

0.04 

0.320 

2.20 

3 .C3 

-0.54 

o.oc 

2.50 

-C  .20 

0.35  -0.2c 

0.04 

0.  311 

0.04 

3.332 

0.  04 

3.323 

0.94 

0.  33  4 

0.04 

0.  32  5 

0.94 

0. 326 

0.96 

0.327 

0.12 

0.  32  6 

0. 17 

0,329 

0. 2C 

323 
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0.  3<0 
0.3<1 
0.  1*2 
0,3<3 
0.3<4 
0.  3«S 
0.  346 
(J.347 
0.340 
0.349 
0. 3*0 
0.3*1 
0. 3!2 
0. 3S3 
0.3*4 
0.  3*5 
0.3*6 
0.3*7 
0.  338 
0.  3*9 
0.36  0 


0.  362 

3.4  4 

3 .C4 

O.i 

0.  36  3 

3.3  5 

3 .C4 

0. 

0.  3<  4 

3 .«  8 

3 .C4 

0. 

0, 365 

3.Z2 

3 .C3 

0. 

0.  36  6 

' 3.17 

3 . C '3 

0. 

0.367 

3.]4 

3 .C3 

0. 

0.36  8 

3.1  1 

3 .C3 

. 0. 

0.  36  9 

3 .C  8 

3 .C3 

0. 

0. 3T0 

3..C6 

■3.C3 

0. 

0.  3T  1 

3 .C4 

3 .C3 

0. 

0.  3/  2 

3 .C  3 

3 .C3 

0. 

0.  37  3 

3 .Cl 

3 .C3 

0. 

0.37  4 

3 .C  0 

3 .C3 

0. 

0.3T5 

2.9  8 

3 .C3 

0. 

0.  37  6 

2.97 

3 .C3 

0. 

0.3/7 

2.96 

3.C3 

0. 

0.  37  8 

i 2.96 

3 .C3 

0. 

0.  3/  9 

2 . 9 '5 

3 .C3 

0. 

0.360 

2.94 

3 .C3 

0. 

0.361 

2.94 

3 .C3 

0. 

0.362 

2.9  3 

3 .C3 

0. 

0.  36  3 

2.9  3 

3 .C3 

0. 

0.  36  4 

2.9  3 

3 .C3 

0. 

0.  36  5 

2.92 

3 .C3 

0. 

0.  366 

2 .9  1 

3 .C  3 

0. 

0.  36  7 

2.9  1 

3 .C3 

0. 

0.  36  8 

2.9  0 

3 .C  3 

0. 

0.369 

2.63 

3.C3 

0.: 

0.  3SC 

2 .67 

3 .C  3 

0. 

0.  3*!  1 

2.65 

3 .C3 

0. , 
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0.35  2 

2.(3 

J .C3 

0.2! 

-o.oc 

f .27 

i>C.*6 

-0.23  -0,56 

9.11 

1 

0,353 

2 .(1 

3.(3 

0.2C 

-o.oc 

l.?7 

^C.!6 

-0.2S  -0.56  • 

0,1! 

0.35  4 

2.78 

3.C3 

0.16 

o.oc 

2.27 

-C.f6 

-9.23  -3.96 

0.1! 

H 

0.35  5 

2.7  6 

3.C3 

0.11 

o.oc 

2.|7 

-<C.!6 

-0.23  -3.56 

0.1! 

0.356 

a.  fe  7 

2.74 

3 .(3 

0.06 

o.oc 

2.27 

.!• 

-0.2J  -9.56 

O.t! 

fl.  II 

t 


0.3SS 
0.  3S9 
0.4t0 
0.4C1 
0.4(2 
0.4C3 
0.  4C4 
0.4(3 
0.4(6 
0.4(7 
0.4(8 
0.4(9 
0.410 
0.411 
0.412 
0.413 
0,414 
0.415 
0.416 
0.417 
0.418 
0.419 
0.420 
0.42  1 
0.422 
0.423 
3.424 
0.42  5 
0.426 


0.  1 
0.; 
0.1 
0.  1 
o.i; 
0.06 
0.04 
0.06 
0.07 
0.06 

0,04 

0.9! 

0.06 

o.ot 

0.0* 

0.0^ 

0.0! 

0.p4 

0.34 

0.04 

0.94 

0.0! 

0.0! 

9.0! 

0.0! 

0.0! 

0.0! 

0.0! 


0.423 

2.58 

1.(3 

0.  15 

-0,01 

2.76 

C*C8 

0.25 

0.08 

0.3! 

0.629 

2.^4 

3 .(3 

0.  19 

-Q.Ol 

2.7^ 

C.C8 

0.2S 

0,08 

0.0! 

0.410 

2.7  6 

1 .(3 

O.OC 

-O.OC 

2*76 

C,C8 

0.26 

Q.OE 

3.9! 

0.43  1 

2.56 

3 .(3 

-0.26 

-O.OC 

e * 7 6 

C,C8 

C,C8 

0.26 

0.08 

0.0! 

0.422 

2.4  5 

3 .C3 

-0.43 

O.OC 

2.76 

0.26 

0.06 

0.0! 

0.42  3 

2 .4  0 

3.(3 

-0.52 

o.oc 

2 ,76 

C .C8 

0.26 

3.08 

0.0! 

0.434 

2.18 

1.(3 

-0.6C 

o.oc 

2.76 

C.C8 

0.26 

0.98 

O.b! 

0.  43  5 

2.4  0 

3.(3 

-0.64 

o.oc 

2.76 

C.C8 

0.26 

0.0“ 

0.  0! 

0.43  6 

2.42 

3.(3 

-0.6! 

o.oc 

2.76 

C.C8 

0.26 

0.05 

0,0! 

0,437 

2.4  5 

3 .(3 

-0.64 

o.oc 

2.76 

C.C8 

0.26 

0.06 

0.0! 

0.  438 

2.48 

3 .(3 

-0.62 

•0.0® 

2,76 

C.C8 

0,26 

0.06 

0.  0! 

0.  439 

2 .!0 

3 .(3 

-0.  59 

-o.oc 

2.76 

C.CS 

0,26 

0.26 

0.08 

0.0! 

0.440 

2 .!  2 

3 .(  3 

-0.56 

-o.oc 

2.76 

C,C6 

o.oe 

0.0! 

0.441 

2 .*4 

3 .(3 

-0.53 

-o.oc 

2.76 

C.CS 

0.26 

0.05 

0.0! 

0. 442 

2.!6 

3.(3 

-C.45 

-o.oc 

2,76 

C .(8 

C.26 

0.0£ 

0,0! 

0.44  3 

2. *7 

3 .C3 

-0.46 

-o.oc 

2.76 

C.C! 

C.26 

0.05 

0.0! 
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0.444  ' 

2.58 

3 .C3 

-0.44 

O.OC 

2.76 

c.ce 

0.26 

0.08 

0.05 

0.4<5 

2 .59 

1 .C3 

-0.41 

O.OC 

2.76 

C.C8 

0.26 

o.oe 

0.0? 

0.446 

2*60 

•3  .t‘3 

-0.38 

O.OC 

2 • 7 6 

C.C8 

0.26 

o.oe 

0.0? 

0.447 

2.6  0 

3 .C3 

-0.36 

•O.OC 

2.76 

C.C8 

0.26 

0.08 

0.0? 

0.448 

2.6  1 

3 .C3 

-0.34 

O.OC 

2.76 

C.C8 

0.26 

o.oe 

o.p? 

0.449 

2.6  1 

3.C3 

-3.32 

,-<o.oc 

2.76 

C.C8 

0.26 

o.oe 

0.05 

-0.45  0 

2.61 

.l.CS 

-0.30 

-O.OC 

2.76 

C.C8 

0.26 

0.38 

0.05 

0.451 

2*62 

3 .C3 

-0.29 

-O.OC 

2.76 

C.C8 

0.26 

o.oe 

0.05 

0.452 

2.62 

3 .C3 

-0.28 

-O.OC 

2.76 

c.ce 

0.26 

o.oe 

0.05 

0.453 

2.62 

3 .C3 

-0.26 

-O.OC 

2.76 

C.C8 

0.26 

o.oe 

0.  05 

0. 4?4 

2.62 

3 .C3 

-0.25 

-O.OC 

2.76 

c.ce 

0.26 

o.oe 

0.05 

0.45  5 

2.62 

3 .C3 

-0.24 

O.OC 

2.76 

c .cs 

0.26 

0.08 

0.05 

0.4?6 

2.62 

3 .C3 

-0.24 

O.OC 

2.76 

C.C8 

0.26 

o.oe 

0.0? 

0.4?7 

2.62 

3.C3 

-0.23 

O.OC 

2.76 

C .C8 

0.26 

o.oe  , 

0.05 

0.458 

2 .62 

3 .C3 

-0.22 

O.OC 

2.76 

C .C9 

0.26 

3.08 

0.35 

0.45  9 

2.62 

3 .C3 

-0.22 

O.OC 

2.76 

C.C8 

0.26 

u . 0 e 

■ 0.0? 

0.  4£0 

2.62 

3 .C3 

-0.22 

-O.OC 

2.76 

C .C8 

0.26 

o.oe 

0.05 

0.461 

2.62 

3 .C3 

-0.21 

-O.OC 

2.76 

C.C8 

0.26 

0.09 

. 0.05 

O'.  4<  2 

2 .62 

3 .C3 

-0.21 

-O.OC 

2.76 

C.C8 

0.26 

o.oe 

• 0.0? 

0.4«3 

'0»4<4 

. 0.4<5 
0. 4«  6 
■0'.4t7 
0..  4<  8 
t3.4<9 

■ 0.470 
0-.  4-  1 
0. 47  2 
0-.  47  3 
0. 47  4 
■0  .>7  5 
O'.  47  6 
0.‘477 

■ 0. 47  8 
0.479 
0.4£0 
0.4E  I 
0.4E2 
•0,'4£3 
0. 4E  4 
0. 4E  5 
0.4£6 
0. 4£7 
0.4£8 
0.  4E  9 
0.  49  0 
0.49  1 
0.492 

* 0.494 
0. 49  5 


<.<9  1.C3 

2 .7  3 3 .C3 


0. 19  O.OC 
0.19’  O.OC 


2.62  -C.22  0.12  -0.22 
2.62  -C.22  0.12  -0.22 


••  0.05 
0.05 
0.0? 
'0.05 
0.  05 
0.0? 
0.07 
0.06 
. 0.  IC 
0. 1C 
0.09 
0.06 
0.06 
0.07 
0.07 
0.07 
0.07 
0.07 
0.06 
0.  06 
■ 0.06 
0. 0£ 
0.  06 
0.  06 
0.07 
0.07 
0.07 
0.07 
0.  07 

0.  oe 

0.  Of 
0.06 
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0.4S6 

2.75 

3 .C3 

3.18  O.OC 

2.82 

-C.22 

0.12  -0.22 

0.06 

0.45  7 

2.(4 

3.C3 

0.15  O.OC 

2*82 

•^C.22 

0.12  -0.22 

0.08 

0.458 

2 .(5 

3 .C3 

0.14  -O.OC 

2*82 

-C.22 

0.12  -0.22 

O.OC 

0.4S9 

2 •<  S 

3 .C3 

0,12  -O.OC 

2.82 

-C.22 

0.12  -0.22 

O.Pf 

0.5C0 

3.tl 

3.t5 

O.IC  -O.OC 

2.82 

-C.2? 

.0^12  -0.22 

O.Of 

0.5CI 

;.c8 

3.C3 

0.07  -0.0c 

2.82 

-C.22 

0.12  -0.22 

0.08 

I 
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T]Mf 

MlO 

^UC 

(SEC  ) 

ES7 

T»tE 

EET 

TRUE 

0^012 

1.19 

1 .ts 

0.  22 

O.OC 

0;023 

3 .;  i 

3 .C4 

0.  23 

O.OC 

0.  034 

1 .3  0 

3 .C4 

0.22 

-O.OC 

0.035 

3 . 1*7 

1 .C4 

0.2C 

-o.oc 

0. 03  6 

1.15 

1 .C3 

- o.is* 

*o.oc 

'•  0.  03  7 

,3  . 1 3 ‘ 

3 .C  3 

• i.ie- 

-o.oc 

' 0.038 

1.11 

1 .C3 

' 0.17* 

4-0.0-C 

0.039 

. ' ’ 3 .C9 

1 .C3 

0.  !'• 

: o.ot 

t};o4  0 

3 .C  8 

3 .C4 

0.13' 

o.oc 

0.0<  1 

3.C6 

1 .C4 

0.  11 

o.oc 

0. 04  2 

3.C5 

1 .C4 

0.  09 

0.  OC 

0.043 

3 .C4 

3 .C4 

0.07 

o.oc 

0.  04  4 

3 .t  4 

1 .C4 

0.  06 

o.oc 

0.  04  5 

3 .C  4 

3 .C4 

0.  04 

-o.oc 

0.  04  6 

3 .C  3 

3 .C4 

0.02 

-o.oc 

0.047 

3.C4 

3 .C4 

0.  01 

-o.ot 

0.  04  8 

3.C4 

3 .C4 

-0.01 

-0.  OC 

0.  049 

3 .C  4 

3 .C4 

-0.02 

-o.oc 

0.  o;  0 

3 .C4 

3 .C4 

-0.C2 

o.oc 

0.  OE  1 

3 .C4 

3 .C4 

-0.03 

o.oc 

0.  OE  2 

3 .C4 

3 .C4 

- 0.  03 

o.oc 

0.  Oi  3 

3 .t3 

3 .C4 

-0.  03 

0.  OC 

0.  OE  4 

1 .C  3 

3 .C4 

-0.03 

o.oc 

0.  03  5 

3 .C2 

3 .C4 

-0.02 

o.oc 

0.  OE  6 

3 .CO 

3 .C4 

-0.02 

-o.oc 

0.  OE  7 

2 .'  9 

3 .C4 

-0.02 

-o.oc 

0.  OE  8 

2 .«  7 

3 .C4 

-0,01 

-o.oc 

0.  OE  9 

2 • E 6 

3 .C4 

-0.01 

-o.oc 

0.  oe  0 

2 .«4 

3 .C4 

-0.01 

-o.oc 

0. 0<  1 

2 .«  2 

3 .C4 

-0.  OC 

-o.oc 

0.  0<  2 

2 .«  0 

3 .C  4 

o.oc 

0.  OC 

0. 0<  3 

2 .f  9 

3 .C4 

o.oc 

o.oc 

0.  0<  4 

2 .f  8 

3 .C4 

0.01 

o.oc 

0.  0<  5 

2 .!  7 

3 .C4 

0.01 

O.OC 

0.  06  6 

2 .!  7 

3 .C4 

0.01 

o.oc 

0.  3<  7 
3. 0(  8 
0.0<9 
0.  0/  0 
0.  o:  1 
0.  072 
0. 07  3 
0.  07  4 
0.  07  5 
0*076 
0.077 
0.078 
0.079 
0.  0?  0 
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t'UT 

KU7 

MUG 

NIG 

ms' 

Cf’  » 

C .32 

C.CO 

-2.2C 

O.OC 

0.43 

C .32 

-C  .CO 

-2.2C 

-O.OC 

0.43 

C .3  1 

-C.CO 

-2.2C 

-o.oc 

0.43 

C .31 

-C.CO 

-2.2C 

-o.oc 

0.43 

C.31 

-C.CO 

-2.2C 

-o.oc 

0.43 

C .11 

-C.CO 

-2.2C 

-o.oc 

0.43 

C.ll 

-C.CO 

-2.2C 

-o.oc 

0.43 

c .3  r 

c .c6 

-2.2C 

o.oc 

0.43 

c.3  1 

C.CO 

-2.2C 

o.oc 

0.43 

c.3  1 

C.CO 

-2.2C 

o.oc 

0.43 

c.ll 

C .CO 

-2.2C 

o.oc 

0.43 

c.ll 

C.CO 

-2.2C 

0.  OC 

0.43 

c.ll 

C.CO 

-2.2C 

o.oc 

0.43 

c.ll 

-C  .CO 

-2.2C 

-o.oc 

0.43 

C .3  1 

-C  .CO 

-2.2C 

-o.oc 

0.42 

C .3  1 

-C  .CO 

-2.2C 

-o.oc 

0.43 

c.3  1 

-C.CO 

-2.2C 

-o.oc 

0.43 

c.3  1 

-C.CO 

-2.2C 

-o.oc 

0. 43 

c.31 

C .CO 

-2.2C 

o.oc 

0.  43 

c.3  1 

C.CO 

-2.2C 

o.oc 

0.43 

c.3  1 

C.CO 

-2.2C 

o.oc 

0.42 

C.3  1 

C.CO 

-2.2C 

o.oc 

0.43 

C .3  1 

C.CO 

-2.2C 

o.oc 

0.42 

C.3  1 

C.CO 

-2.2C 

o.oc 

0.43 

C .3  1 

-C.CO 

-2.2C 

-o.oc 

0.42 

C.3  1 

-C.CO 

-2.2C 

-o.oc 

0.42 

C.3  1 

-C.CO 

-2.2C 

-o.oc 

0.42 

C.31 

-C.CO 

-2.2C 

-o.oc 

0.42 

C .3  1 

-C.CO 

.-2.2C 

-o.oc 

0.42 

c.ll 

-C.CO 

-2.2C 

-o.oc 

0.42 

C .3  1 

C.CO 

-2.2C 

o.oc 

0 . 42 

C.3  1 

C.CO 

-2.2C 

o.oc 

0.42 

C.3  1 

C.CO 

-2.2C 

o.oc 

0.42 

C.ll 

C.CO 

-2.2C 

o.oc 

0.43 

C.3  1 

C.CO 

-2.2C 

o.oc 

0.42 
0.42 
0.42 
0.  42 
0 .42 
0.42 
0.  35 
0.  11 
0.09 
0.  19 
0.21 
0.  It 
0. 06 
0.  OC 
0.06 
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0,0«  1 
O.OC2 
0.0(  3 
Q.0C4 
0.0(5 
0.0(6 
0.0(7 
0.0(8 
0.0(9 
0.0«0 
Q.OSl 
0.0^2 
0,0S3 
0.054 
0.09  5 

0.  096 

0.  09  8 

2 •(  4 

3 .(1 

-0.33 

-o.oc 

2.98 

c.ci 

0,47 

O.Ol 

0.0? 
0.  06 
0.05 
0.03 
o.oc 
0.01 
0.  02 
0.01 
0.01 
o.oc 
0.01 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 

0.09  9 

2.(0 

3 .(  1 

-0.4( 

-o.oc 

2.9  6 

C.Cl 

0.47 

0.01 

0.01 

0. 1(0 

2.(2 

3.(2 

-0.41 

-o.oc 

2.93 

C.CI 

0.47 

0.01 

0.01 

0.  It  1 

2*17 

3 .(3 

-0,41 

-o.oc 

2.99 

C.Cl 

.,0.48 

0.01 

0.01 

0. 1(2 

2.7  4 

3.(4 

-0.43 

o.oc 

2 .99 

C.CI 

0.43 

0,01 

0.01 

0.  1(3 

2.7  6 

3 .(4 

-0.45 

o.oc 

2.99 

C.C  1 

0.43 

0.01 

0.  01 

0.  1C4 

2.(0 

3.(4 

•0.4S 

o.oc 

2.99 

C.Cl 

0,46 

0.01 

O.Ol 

0.  1(5 

2.(5 

3.(4 

-0.45 

o.oc 

2.99 

C.Cl 

0.46 

0.01 

0.01 

0.  1(6 

2.90 

3 .(4 

-0.45 

o.oc 

2.99 

C.Cl 

0.48 

0.01 

0.01 

0.  1(7 

2 .94 

3 .(4 

-0.44 

0.  oc 

2.99 

C.Cl 

0.46 

0.01 

0.01 

0. 1(8 

2 .9  3 

3.(3 

-0.42 

-o.o,c 

2.99 

C.Cl 

0.46 

0.01 

0.  01 

0.  1(9 

3.(0 

3 .(3 

-0.4C 

-o.oc 

2.99 

C.Cl 

0.43 

0.01 

0.01 

0,  lie 

3 .(  2 

3 .(3 

-0. 37 

-o.oc 

2 .99 

C.Cl 

0.4? 

0.01 

0.01 

0.  11 1 

3.(3 

3.(3 

-0.35 

-o.oc 

2.99 

C.Cl 

0.4? 

0.01 

0.  01 

0.112 

3.(4 

3.(3 

-0.32 

-o.oc 

2 .99 

C .Cl 

0.4? 

0.01 

0.  01 

0.  113 

3.(4 

3 .(4 

-0.26 

o.oc 

2.99 

C.Cl 

0.4? 

0.01 

0.01 

0.  114 

3 .(5 

3 .(4 

-0.25 

o.oc 

2,99 

C.Cl 

0.43 

0.01 

0.01 

0.  115 

3.(5 

3.(4 

-0.22 

o.oc 

2 .99 

C.Cl 

0.4? 

0.01 

0.01 

0.  116 

3.(5 

3 .(4 

-0. 16 

o.oc 

2.99 

C.Cl 

C.46 

0.01 

0.01 

0.  117 

3 .(5 

3.(4 

-0. 15 

o.oc 

2.99 

C.Cl 

0.4? 

0.01 

0.01 

0.116 

3 .(  5 

3.(4 

-0.  12 

o.oc 

2 .99 

C.Cl 

0.4? 

0.01 

0.01 

0.119 

3 .(5 

3 .(4 

-0.06 

-o.oc 

2 .99 

C.Cl 

0.46 

0.01 

0.01 

0.  1«0 

3.(4 

3.(3 

- 0.  06 

-o.oc 

<•99 

C.Cl 

0.46 

0.01 

0.01 

0.  121 

3.(4 

3 .(3 

-3.03 

-o.oc 

<•99 

C.Cl 

0.4? 

0.01 

O.Ol 

0.  122 

3 .(4 

3.(3 

-0.01 

-o.oc 

2 ,99 

C.Cl 

0.46 

0.01 

0.01 

0.  Ic  3 

3 .(4 

3 .(4 

0.01 

-o.oc 

2.99 

C.Cl 

0.48 

0.01 

0.01 

0.  12  4 

3.(4 

3.(4 

0.03 

-o.oc 

2 .99 

C.Cl 

0.4? 

0.01 

Q.OI 

0.  125 

3.(4 

3 .(4 

0.04 

c.oc 

2,99 

C.Cl 

0.46 

0. 01 

0,31 

0.  126 

3I(  4 

3 .(4 

0.05 

o.oc 

2 .99 

C.Cl 

0.48 

0.01 

0.01 

3.  1«7 

3.(4 

3 .(4 

0.05 

o.oc 

2 .99 

C.Cl 

0.  46 

0.01 

0.31 

0.  12  3 

3.(4 

3.(4 

0.06 

o.oc 

2.99 

C.Cl 

0.4? 

0.01 

0.01 

0.  1«9 

3 .(4 

3 .(4 

0.06 

o.oc 

2 .99 

C.Cl 

0.48 

0.01 

0.31 

0.  no 

3 .(4 

3 .(« 

0.06 

-o.oc 

2.99 

C .Cl 

0.48 

O.Oi 

0.01 

0.  in 

3.(5 

3.(4 

3.05 

-o.oc 

2.99 

C.Cl 

0.4? 

0.01 

0.01 

0.  122 

3 .CS 

3.(3 

0.  05 

-o.oc 

2.99 

C.Cl 

C.48 

0.01 

O.Ol 
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0.  113 
0.114 
0.  135 
0.  116 
0.  137 
0.  133 
0.  119 
0.  KO 
0.  W1 
0.  142 
0.  U 3 
0.  U4 
0.  14  5 
0.  14  6 
0,  147 
0.  14  8 
0.  It  9 
0.  i;o 
0.  1!  1 
0.  li  2 
0.1*3 
0.  114 
0.  13  5 
0.  1!6 
0.  1*7 
0.13  8 
0.13  9 
0.  1«  0 
0.  1<  I 
0.  1<  2 
0.  1<  4 
0.  1<  5 
0.  U 6 
0.  1<  7 
0.  1<  8 
0.  1<  9 
0.  ITO 
0.  I'  1 

0.  n 2 

0.  1^  3 
0.  1*  4 
0.  ITS 
.1/6 
. IT  7 
. 1T8 
. 1/9 
. If  0 
. If  1 
. If  2 
. If  3 
0.  If  4 


O.Ol 
0.01 
0.01 
0.01 
0.01 
0.  01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.  01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.  01 
0.01 
0.01 


0.01 


2 . f 9 

3 .C3 

-0.06 

-O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

c .49 

3 .C  3 

-0.  1C 

-0.  OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2.4  2 

3 .C  3 

-0.14 

-O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

c . 4 ^ 

3 .C  3 

-0.  16 

-O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2.4  2 

3 .C3 

-0.22 

..  O'.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2 .4  1 

3 .C  3 

-0.2* 

O.OC 

3.C5 

C .C6 

0.54 

0.06 

0.01 

2.4  2 

3 .C3 

-0.26 

O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.31 

2.4  5 

3 .C3 

-0.  32 

0.  OC 

3 .C  5 

C .C6 

0.54 

0.06 

0.01 

2.48 

3 .C  3 

-0.  35 

O.OC 

3 .C5 

C .C6 

0.54 

0. 06 

0.01 

2.3  1 

3 .C3 

-0.  36 

O.OC 

3 .C5 

C .C6 

0.54 

0. 06 

0.  01 

2.3  5 

3 .C  3 

-C.  4C 

-O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2.39 

3 .C3 

-0.44 

-O.OC 

3 .C  5 

C .C6 

0.54 

0.06 

0.01 

2 .<  2 

3 .C3 

-0.46 

-O.OC 

3 .C5 

C .C5 

0.54 

0.06 

0.01 

2 . < 6 

3 .C3 

-0.46 

-O.OC 

3 .CS 

C .C6 

0.54 

0.06 

0.01 

2 .f  9 

3 .C  3 

-0. 5C 

-O.OC 

3 .C5 

C .C6 

0.54 

0.36 

0.01 

2 .T2 

3 .C3 

-0.51 

O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2 . T 4 

3 .C  3 

-0.5i 

O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2 . T 6 

3 .C3 

-0.53 

O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.  01 

2 . T 3 

3 .C  3 

-0.54 

O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

2 .T9 

3 .C3 

-0.  55 

O.OC 

3 .C5 

C .C6 

0.54 

0.0  6 

0.01 

2 .f  0 

3 .C  3 

-0.55 

O.OC 

3 .C5 

C .C6 

0.54 

0.06 

0.01 

I 
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0.  its 

2.(1 

2.(3 

-Q.5«  -0.0( 

3,C5 

C.C6 

0.54 

0.06 

0.91 

0.  1(6 

2.(1 

2.(3 

-0.54  -O.OC 

3,t8 

C.C6 

0.54 

0.06 

0.91 

0. 1(7 

2.(1 

2 .(3 

-0.52  -O.OC 

3.CS 

C.C6 

0.54 

Q.oe 

9.91 

0.1(8 

2 »(  0 

2.(3 

.0.55  -O.OC 

3.t» 

C.C6 

0.54 

O.ot 

0.0) 

0.  1(9 

2.79 

2.(3 

-3.51  -O.OC 

3.CS 

C.C6 

0.54 

0.06 

9.0} 

0,  ISO 

<•7  7 

2.(3 

-0.4s  -Q.OC 

3.C5 

C.C6 

0.54 

0.06 

9.01 

0.  IS  1 

2.75 

2 .(  3 

-0.47  O.OC 

2.C5 

C.C6 

0.54 

0.06 

0.01 

0.  ls2 

2*72 

2.(3 

-0.4;  0,0c 

?.C5 

C.C6 

0.54 

0.06 

O.Ol 

0.  1S3 

2 *7  0 

2 .(3 

-0,4;  0,0c 

3.C5 

C.C6 

0.54 

0.06 

O.OI 

0.  1^6 

c .(6 

2 .(3 

-C.4C  O.OC 

2.C5 

C .C6 

0.54 

0.06 

0.0} 

0. 1S5 

2.(3 

2.(3 

-0.38  O.OC 

3.C5 

C.C6 

0.54 

0.06 

0.01 

0.  IS  6 

2.59 

3 .C3 

-0.35  -O.OC 

1.C5 

(.C6 

0.54 

0,06 

9.01 

0.  IS  7 

2.55 

3 .(3 

-0.32  -O.OC 

3,C5 

C.C6 

Q.54 

0.06 

0.01 

0.  ISO 

2.5  2 

2 .C3 

-0.31  -O.OC 

3,C3 

C .C6 

0,54 

0.06 

0.3} 

0.1S9 

9 

0.0} 

o.aco 

0.01 

0.  2C  1 

0.01 

3.2C2 

0.01 

0.  2C  3 

0,01 

0.2(4 

0.0) 

0.2CS 

0.  36 

0.  2(6 

0.12 

0.2(7 

Q.l! 

0.2(8 

C,  11 

0.2(9 

0.14 

0.  210 

0.12 

0.211 

0.  )C 

0.212 

0.09 

0.  21  3 

0.06 

0.214 

0.06 

0.  21S 

0.  39 

0.216 

0.  It 

0.  217 

0. 1C 

0.  218 

0.11 

0.219 

0*11 

0.2(0 

0.  11 

0.22  1 

Q.  1C 

0.  222 

o.u 

0. 22  3 

0.  tc 

0. 22  4 

0.  )C 

0.  22  S 

o.u 

0.  226 

0.  )C 

0, 22  7 

0.  1C 

0.22  3 

0.  IC 

0. 210 

2.22 

2 .(4 

-0.2«  O.OC 

2.49 

-C  .22 

-0.02 

-0.  32 

o.u 

0.22  1 

2.20 

2.(4 

-0.27  O.OC 

2.49 

-C.2? 

-0.02 

-0.32 

0.  1C 

0.  222 

2 .2  7 

2 .(4 

-0.26  O.OC 

2^4’ 

-C  .22 

-0,92 

-0.32 

o.u 

0.  22  3 

2 .2  2 

3 .(3 

-0.26  O.OC 

2 .49 

-C  .22 

-0.02 

-3.32 

0.  u 

0.  22  4 

2.19 

2.(3 

-0.2S  -O.OC 

2.49 

-C  ,22 

-0,02 

-3.32 

9.  1C 

0.  22  5 

2.17 

2 .C3 

-0.26  -O.OC 

2.49 

-C  .22 

-C.02 

-0.32 

Q.IC 

0.226 

2.14 

2.(3 

-0.26  -O.OC 

2.49 

-C  ,22 

-0,02 

-0.22 

0.  u 
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0.OC 

2.37 

C .!4 

-0.  13 

0.54  i . 

0.447 

2.(8 

3 .C3 

-0.21 

o.oc 

2.37 

C .!4 

-0.13 

0.54. 

0.449 

2.(8' 

1 .C3 

• -0.  1-9 

• 0.OC* 

2.37 

C.!4 

-0.13 

0.54 

0.  449 

2 .(  j 

3 .C3 

-0.16 

-o.oc 

2.37 

C .!4 

•-  0 .'  1 3 

0.54  • 

0i4«0 

2 .(  0 

3 .C3 

-0. 16 

-'O.OC 

2.37 

C .54 

'-0.1‘3 

0.5< 

0i4*  1 

2. *7 

3 .C3 

-0.  1! 

-o.oc 

2.37 

C .54 

-0.13 

0. 54 

0.4!2 

2 .!4 

3 .C  3 

-0.14 

-o.oc 

2.37 

C .!4 

-0.13 

0.54  ■ 

0.453 

2 .!  1 

3 .C3 

-0.13 

-o.oc 

2.37 

C .!4 

-0.13 

0.54 

0.4!  4 

2.4  8 

3 .C3 

-0.  12 

-o.oc 

2.37 

C .!4 

-0.12 

0.54 

. 0. 4! 5 

2.4  5 

3 .C3 

-0.11 

o.oc 

2.37 

C.54 

-0.  13 

0.54 

- 0.4! 6 

2.4  2 

3 .C3 

-0.  U 

o.oc 

2.37 

C.54 

-0.12 

0.54  ' 

d:4;7 

2.3  9 

3 .C3 

-0.09 

o.oc 

2.37 

C.54 

-0.12 

0.54 

. o’.  4*8 

2.36 

3 .C3 

-o.oe 

o.oc 

2.37 

C.54 

-0.12 

0.54 

0.4!  9 

2.3  4 

3 .C3 

-0.07 

o.oc 

2.37 

C.54 

-0.13 

0.54 

0.  4(0 

2.3  2 

3.(3 

-0.07 

-0,0c 

2.37 

C.54 

-0.12 

0.54 

0. 4(  1 

2.3  2 

3 .(3 

-0.  07 

-o.oc 

2.37 

C .54 

-0.13 

0.54 

0.4(2 

2.32 

3 .C3 

-0.07 

-o.oc 

2.37 

C.54 

-0.12 

0.54 

0.4<  3 
0.4(4 
0.4(5 
0.4(6 
0. 4(  7 
0. 4(  8 
0. 4(  9 
,0.  47  0 
0.'47  1 
0.4:2 
0. 47  3 
.0  . 47  4 
0.47  5 
0.47  6 
0. 47  7 
P*.  47  8 
0.  47  9 
0.4(0 
0. 4£  1 


0.  14 
0.  14 
•0.14 
0.14 
-0.14 
0.  14 
.0.14 
0.  U 
•0.14 
0.  14 

0.  w 

0.14 
0.  14 
0.14 

. 0.  u 

0.  14 
'0.14 
0.  14 
0.  14 
0.14 
0.  14 
0.  14 


14 

14 

14 

14 

12 

11 

Ic 

14 


.0.14 
0.12 
0.  U 
0.12 
0.  11 
0.  11 
0.11 
0.11 
0.11 
0.12 


•0.  A(  2 
0.  4(  3 
0. 4(  4 
0. 4(  5 
0.4(6 
0.4(7 
0. 4(  8 
0. 4(  9 
0. 4S  0 
0.  4«  1 
0.4^2 


0.  U 
0.12 
0.12 
0.  Ic 
0.  12 
0.12 
0.  Ic 
0.  12 
3.  12 
0.  li 

0 • 1 c 
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0.4S4 

2.12 

3.C3 

-0.21 

0.01 

<•31 

-C.IO 

-0.19 

-O.IC 

0. 12 

0.4f  5 

2.f  9 

2.C3 

-0. 1! 

0.01 

2.31 

•c.io 

-0,19 

-O.ic 

0,12 

0.4S6 

3 .C5 

3 ‘CS 

-0,01 

O.oc 

2f3l 

-coo 

-0,19 

tO.IC 

0.12 

0.4t7 

1.|l 

3 -CS 

o.ot 

O.OC 

5(21 

-coo 

-O.U 

-0.it 

0.12 

0.4<8 

2*17 

3*C3 

0.05 

-o.oc 

2.31 

-C.IO 

-0.19 

-o.ic 

0.13 

0.419 

3.;^ 

3.C3 

0.11 

-o.oc 

<•31 

•C.IO 

-0.  19 

-O.IC 

0.12 

o.sto 

3.(8 

3 *03 

o.ie 

-o.oc 

2«2l 

“C«lO 

-0.19 

-o.ic 

0.12 

9.  SCI 

3.(4 

3 .C3 

0.23 

-o.oc 

2.31 

•C.IO 

-0.19 

-O.IC 

O.ic 

i , 


Appendix  I to  Chapter  7 


Computer  Program  For  Simulation /Evaluation 
of  The  Estimation  of  Laser  Spot  Position 
From  The  Fluctuating  Backscatter  Signal 


oor»ort  r»r*oor» 


V 


r 


I 

5 


I 
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Pxge  2 


eeiu  lC»l6.*H.O,NiO,n<f»NtG,IC7«!Cl.«tCC#lkUeO 
Dim  NSICN  R<?(  3),VS(3).fi^3(3).VTf  3).«T2(2C«(0I.9(29«2C>.X 
CRC3)tCV(3) S>.CVS»( 3ltVT<3l.tC<f 
2(3  ).X1(3>.E3  A(3)«r3<  1).I.L(3)*I^^3(3  )«Q(.M(3i  .l.DK(3).X 
XTCLCt’  ).RS9lO(3I,l!.Cl.C(?).EE(2  ),GC(!  U 2C.<0».» 

E0S(20.2C  ).3'(20,?C).SS'?(2C.20) 

OCUELE  fReClSlOk  f S2  . V3  , Pt  7,  VT  . p <» , 0^  ? V ♦ C ‘C  V'P  .UT . C<| . rC  « ,Z , X 1/ X 

ETA.OE  •lL.»TS,OLH,U:'».P‘»OLr‘tR'Ot!),ULOLD,e|.CO 

OCUELE  ePeCjSlC^  »w  1 .Cv  ^ T j , t M|Nf  I ,P|»  lA  Tj  . thi  NT2 . J)l  Tt.  I 

OIPE  .(  2FM.0lL.?f  tf  .tl.®!  .5  0'»  t?e6KL,,PT»>|f*  ,|{oX  »3  ,CP»*eB  .X  ;i-,CBr.C«.*  : 

OLPVtCVE  I 

OC  ?3C  PEf  * .2. .75. .76  i 

NXRINI  : 1 

OJ  : 3.141332€5< 

zcn  s C.  !i 

2(2)  s C. 

2(5)  * i. 

t s 3.  ij 

01  : ).E-3  I 

N r 0.  I 

i 

T— ^ 

i 

Set  qpticjl  sistei'  PAsAreiEBS.  ] 


IC2  s icoc. 

IC  s 1. 

S16^*  ’ 1. 

Ul  S l.CE-6 

OETV  = 1 ./(( 2#P1/LL)*? ICM#  ) 


SEgClFr  6AG*GE1EM‘»  P »R  »»*  ET  pR  c , 


PSZ(  1)  ^ c . 
P«2(2)  s C. 
9<Z(3)  e C. 
VS(l)  s 0. 
VE  (2  ) : 0. 
VEC-)  s 0. 
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913(1)  s C. 

913(2)  ^ i.ee 
912(3)  = C. 

VKl)  : 5C.C 
VI  (£  ) = 1 .£* 

VI ( J ) s 0.  ... 

0t(!  )s0. 

05(2  >*3. 

Et(l)s0. 

EE(2)s0. 

Gt(  1 ):REs 
GC(2)»C)»  • 

GC(2  )s3.  ^ . 

c* 


C*  CCNV'RT  TC  CIFPE9BNCE  CC OR 0 I N * Tc $ . 

C* 


I 


CILL  CSL«  (RT? .RS2. 39,-1) 

CILL  CSIM  (VT,  VS,  3V,  -1) 

CILL  CUVECT  (C9,  LOR.  0K?1,  IE) 
C/LL  CUVECT  (CV,  lPV.  DV'^,  IE) 


C* 


C*  CRlCULAIE  DlSIARC®  *T  CLOSEST  «FPKo»C*-. 

C* 


call  coct  (uo«.  ucv,  ruRV) 

3F  : CURV»ORH 

C/LL  CSCffLLi  (SF.  UCV.  CVS=) 

CILL  CSLM  (CP.  CVSR.  C.  -1) 

C/lL  CUVECT  (C.  0.  Ch,  IF) 

PRIM  1C.  Of  .CUFV.'’SZ.VS.9T2.VT,o?,1g?.IO.GC(1).GC(2).GC(2» 

10  FC9M-1  •("1"."ClCSES1  *&Fe>CiCH:".E10.3/l"  C01  99C0JJCT  :“5!  , 
E1C.1I/"  9S2  VECDR  :".3E1C.1//"  VS  VECTC9  :"3E1C.3//X 
• RT2  VtCTCP  =".im..3//"  VT  VECTOR  i " . ?E  1 C . 2 / / •■  OE  VECTOR  = 
.3E1C.2//"  ICZ  =".E1C.2//"  IC  =".£10. 3//"  CO  ="  .3E1C.2) 
PRIM  11 
PRIM  12 

11  BCRfAl  (")".l»."TI'lF".l£X."fUC".12X."fUC".9),  "HUG"  . * X . " MIG  " ) 

12  FCCfAl  ( II  X . "ESI " .iX ."TRUE" .5X ."ES T" , A X ."TPL=" ./ ) 


C*  IFIIIILIZE  SERVC/BlrSlL  4nC  SrT  SeRvO  P I 9|  ^*F  T e9S  . ’ 

C* 


"X 


i 

! / 


o o o r>  o 
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C 


SCT*SC'»"tl3Ml  )*UC®(n*t!>l!«2»*UC’C2ll 
T>.El  A2*C  »1  2C  ScT,Vr*« 

•♦■I2  s C»T*^2<Ur9«  2)»  U5»Ci)) 

SF»fO  « ICO. 

GM^  * 27.9l5?»«PCfC*5''P^C 
Cl  E<  0s5)r®(  -C  2*i>I***e£c  > 
s C. 

®H>T2  s FMJZ 
TvUTj  ! C. 

TfllkTi  r 
01HEI)  X 0, 

0FH(R  : 0. 

TkEU  * T». 

PH  s OhIM* 

CiLl  CSCHSEC  CT|.ET«,  bM|,  l.OCt  UC  > 

TIF  * 3KMX1  .ESfOTl 

T5ElA>  s 3 .•TTF42./(SFRe0*0T  J 


...  ,, 

SET  U*  *RP»Y  CCNTOCt/GENf  RAT  lOfc  »Af*rCTE(<S 

AhO  OBTAIA  iNlTiai,  VHUfS  »-TIlDl*S. 


F s 1 

AlP^*  = 0\H«9<0eT(l  ,PC*CUBV»OlPV>/pP*’ 
T<  s C.70:U'^*S!GF»/T4.»0eM#A,,f».A) 

TS  s T35L/y*DT 

CfUl  FIkT(F,T«.T4.«t?,  AT?) 


5 ; 


95:9t;s3s;<;s;es:«ssssssss? 


Ca  3CT  UF  BIAS  ^?T1^4#T»rt^  F | B If*  a-v  gC  $ , 

C» 

Cs&s:33:x:;:::s::33:s::;7s:s;3rs::;:TCt3s;3s:s3S3X;ss73B3B:3TX 

TtPsQ. 

TRTs  2.*CPf  /2  .!  8 
NESlslO 

TFf« sj .5/SFfiFC 
TE  STsFesT*T< 

N?sC 

DC  «q  1*1. 2C 
DC  21  J*l.2C 
S!<1  ..)=C. 

21  SSS(l.J)5C. 

20  CCNUFUE 


. 1 


i 

I 

i 

j 


i 


I 

I 

,1 
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ICO  N = N * 1 

T = T ♦ 01 


I^Cl:E^E^T  TIRCET  COSITICN  •^0  STORE, 
OET#IK  CELOTEC  T*CGET  OCSIT10^. 


C»LL  CUSU*-  <1,DC.  OElECC'^J,  OR,  OV,  OR) 

CiLl,  CSTRCIR  (I,  C9) 

Otl  CUVECTCOR,  'Jpo.  C«fr,-IE) 

TTF  s 0RH/(2 .C8*0T) 

IF  (N'.LT  .'»TF  ) GC  TO-ICO 
C*Ll  CSTKOT  (1,  RTOLO) 

i * » v . . , 

»«««««  «««««««««•««««  «.«J 

c • 

C»  CCHRUTE  T#9CET  TPRCrlKG  ERRC«?  AS  SEEN  BY 

C#  SENSOR  CN  The  (LSINg  T hc  CEl*TEC 

c*  target  POSITICN). 

c*  ‘ 

C)LL  CUVECT  (RTCLC.  UT . P,  IS) 

CiLl  CSLN  (IT.UC*  ECP,  -n 
• ■ • Ctll  tCROSS  (7.  UG,  XT) 

C»LL  CUVECT  (Yl,  yT,  YlH,  !S) 

CYLL  CCC0S3  CC5,  Xl  , ST#) 

CILL  COCT  (err,  ETS.  SRCSl> 

ERRELs-ERREL  ♦E?('l  )■ 

CILI  COcT  (err,  XI.  '^PPl-') 

ESRIZ:ECRIZ-.SE(I  ) 


C*  ■ 

c* 

c* 

c* 


IFBLEFEM  GINEAL  SSRVC  PCINTTFG  UPO*TE 


EPRI2  : epriz/os:a  (■'•-ETJ) 

31  TF  = (EPREL  - CLSAO  » OT-EP)/(!. 
OIPF  s (EPRIZ  - CLS*P  0CmHR)/(1. 
OThER  s EPPEL 
OPhER  ; EPR*  Z ■ ■ • 


ClE AC  > 
ClEID 
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I 


piTI-  5 QJTf  • C*IN 
Q!P»>  s Cl^H  * at  Ih 
TH»n  s THlNTl  * 
o^I^Tl  s FHlN'tl  ♦ ♦ C?eH 

THM<  s THlMia  ♦ rt  • TmJNTJ 
* ^MlNta  ♦ nT  * PHlV^l 
TI-llA  s T*-IPTc 
PfI  s PHM« 

C*Lt  CSP*<SEC  CT»>ET«.  CHl,  l.OC.  UCJ 


C 

c» 

C-  CILCUL»TE  G^IM  '’fSTTlOK  CN  SE'JSOS  »OC*t 

Cw 

C-T 

CKl  cm,»<tClG,i?TO|.O.GC  .C?’^U  •S'^l  truq  .KUC  » 

C#  ••  *4  ««•««««•* 

c* 

C*  IHSOCUCE  L*SEP  ECPC®. 

c* 




T^*  Tt»*T»*oetl) 
pisf Mi^CBta) 

•C<tL  CSPHPEC(tl.P1,1.rO*UL) 


c* 

c# 

c« 

c* 

c* 


C#LCUL»TE  LISEP  TiPcBl  KlES  OlSTAlkCE. 


t 


citt  CST*CU  t2»Ul) 

IF  CM.LT.TDCLin  GO  lOC 

TTFi si^iTf 

C#LL  C5TAC01  (2,  T"'?.  LLCLC  I 
C«Ll  COC"^  ItCLr,  OiL) 

SF  s -DTL«e 

C#Ll  CUSU>  (l.OC.  PTOlO.  LLCLC^  OlM) 


C- 

c- 

c- 

c- 

c- 

c- 

c- 

c- 


C*lCl,L»TE  LAJrK  eoSITICN  pP  T»»gET  t*  SEEM 
CN  SSN50F  FQCIL  eL*Ne.*NC  CLlH'»  INTEFSIT^, 
C*LCIL<TE  ^HE  *9e»Y  C»  ‘fCC«L  9LAFE  SI5FAI 
INIEFSITIE?. 


C»Ll  CNCNL  (IG.PTCLOOl  H.Of  ^ V , > 1 1 E^  * . HL  0 tNL 0 ) 
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X s HI  6- Ml  0 
Y s NtC-NtO 
IC  : C 

ic:  = X*X«Y*Y 

If  lI«l,LT.76i  rc=  ic.?*6xe(-:qi ) 

C#LL  SIGlf.fUC  .^UC.^'UG  tNUG.  lD.rG.'».T4,S) 
If  ((f /UPflf  TMfcPRTKT.Ne.N)  GC  TO  ICO 


IfCfEfEhT  GlIM/OtPpUSE  S!Gh*|.  F?Tlf*T0c 


OC  2 3C  1 = 1 .20 
DC  23l  J = 1.20 

s) =;< I .» ) 

!f  (I8;(?X).IT.1E-16)  ?x:0 
SE ( I ) = 3S(  1 )«SX 
2!1  S5 S< I . J)=!SS( 1 )^?X*5X 

230  CCNTif'JE 


=CRf  fit  ClF^lSE  STCNIL  ?«TlN»Tf, 


TIF:T 

If (fS.SC  .1  ) GC  TO  2*0 
OC  £5C  1 = 1.20 
DC  2 51  - = 1.2  0 
S£X:S'( I )/N' 

S£S)=£3£( T .*  >/NS 
S£S>  = £S'X-5'X*SSX 
If  (SSSX.IT.OJ  SS«X  = C,' 
S«0fT  = S'X*S«X-S'5X 
If  (SSCPf  .1  T.O)  SsCf'TrC 
ECPCl.J)  = SS»-*0RTf S50RT) 
2!1  CCNlIf'jE 
250  CCNTifUE 


EjTlfifTE  rlF^lSE  PEf'JFN'E  ccSiTiOK. 


SEOf =C 
Ml  EC  =C  . 
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NIEC*C* 

OC  S«C 
OC  i6l 

S|0«l?«EC»^EC«Ut 
Hie;5^yE04  i«Ec9f  i.J) 

2<1  NLEC*I^UfO<*  J«Er9f  I*  J) 

2(0  CCNIUUE 

niEC'rUEO/siOK-jo.^ 

NlEC  sfcUEO/SfOS-lO,? 

PR  IM  2-0  .T.IlEC  •t'g':»NU60,»lt0,HuC,HtQ 
27  0 FcRrAT  Clir<F6,S.5)I.P6.2«l)t«F6.2«3l*P6.2.lXtP6.2.3l*P6.2.1)i«F6,2] 
2<0  CCNIIFUE 

IF  IN.LE.IOC)  OC  TO  1.rO 


9C0  CCNTIFU5 

EFO 
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lic^L  IC*  rS.Ml  Icz.lcl  .Mtft  ♦►UfO.Wi.T.NtT 

DjM^NSlcH  »«2(3)tV«(3).R’’:(I).Vl(l),*T2(2C.fO).j(«0.:C).X 
t R(3)  ,CV(  5)  .t.OV(?ur«  3).CV«^(  5)  .CT(  3)  *tC(  S).!»S(3  ).X 
2(2),Xl(3),E3*(3).r:3(3).Li,(3).';'!l?).OH1<3),tOi;C3).X 
f TC  LC  ( 3 ) • P!  OL  3(  3 ) . L t.C  LC  ( 3 ) . EE  ( c ) « GC ( 1 > f 43  1 < 2C . 2 3 ) . 3 
E DS  ( i p , 2C  > . •;<  ( 2 3 . 2C  ) . S' « ( ?C  . 2 0 ) . C *►  ( 3 ) . UC  Lf  ( 2 ) 

OCUEL!  FSfCISlOf  SS2.V?,?TZ.VT.rr',3V.tpV.C.CVSF,LiT.|.5.Hf’,:.X!»» 
ei*.0£  .UL.®' s.3iM,uc''.»''3to,c'CLr>.uiOLO.  EE  .gc,u:lk 

OCUEUE  P^E'lSlOfc  the’i,  I . 1 « 3 Hi  Nt  I , t>w  I Mj  , th  j NT  2 , 3 J Tj.  . ^ 2T  m , 
Ql®h  .C  2PH,PtL,  S*  .t  t3i  .®t  .333  .F'?R  ~L  ,CT»>ec  .E®*:  »?  .f  If  .:P^  .:h,  % 

Dl ,t Vf ,CXf 


NPR1N3  s 1 

PI  < 3.U]5E2<V 

Z(i;  s c. 

Z(2)  : C. 

Z( 31  : 1 . 

T * Ot 
03  s >,E-2 
N : 0. 


SET  OcTtC/L  STSTSf  c *fi » f £3 Ec S . 


C*' 

c* 

c* 

c.^ 


!(2  ' icac. 

:c  r 

SlGfA  s 1. 

Ul  s l.CS*6 

OETV  : 1 ,/ (<  3*SIC“'*  ) 

SPECIFr  £fS*3£M£N’  paRRKETprs. 


PEZdl  : C. 
P*2(2J  ! C . 
9«Z(3)  5 C. 
VE(1)  5 3. 
VE (2  ) ; 0. 
VI ( • ) t 3. 
p’ ?( 1 ) s r . 
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= s 1 .E6 

PI  2(  5)  s C . 

VI ( 1 ) I 5C  .t 
VUJ  ) : I . £4 
V(:)  : a. 

OE ( 1 )s0. 

Dt  ( i ) : Q. 

EE  ( n=o. 

:E(i ):0. 
g:  ( 1 ) = ,«  5 
Gt (i ):0. 

Gt  ( 3 )-  0. 

D > M ( 1 ) s C . 

2)  : C , 
D>f-(  3)  : C . 


GC  Ec  If  Y/ U n I * LI  :£  ?T»S  SE^’VO  PAPiMETePE, 


P « C'  : E . 

NE  : 3 3 

p/ s I ,C»f I/P^Rf 


C<-  CCNVEPT  TC  E Tfirp,TP\.C£  :CC  = CIN#TES. 


'/LI  CSL  "'  (F  T2  .P5Z  ) 

:/L-.  csL'i  (VT,  Vi,  rv.  -n 

CUVECTCP.L^'P.  OF*'.  1 = 1 
:/_L  CJVECT  (CV.  L'^V,  GV'1.  7F) 
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ABSTRACT 


This  report  contains  the  development  of  an  adaptive  estimator 
for  glint  and  diffuse  signal  separation  in  adaptive  optics.  The  back- 
scatter  signal  from  a laser  spot  is  focused  onto  a square  detector 
array  of  4x4  elements.  The  target  rotation  rate,  the  glint  position 
and  strength,  and  the  laser  spot  position  and  strength  are  states  to  be 
estimated.  The  estimator  is  adaptive  in  the  sense  that  the  models  used 
are  functions  of  uncertain  parameters,  as  previously  derived,  which 
are  estimated  by  the  estimation  structure.  The  complete  model  reali- 
zation and  estimation  structure  are  contained  in  this  report. 


A.  1 


Introduction 


In  order  to  develop  an  estimation  structure  for  a given  problem, 
it  is  necessary  to  obtain  the  physical  models  containing  all  the  determin- 
istic and  statistical  knowledge  of  the  process.  This  knowledge  must  be 
obtained  in  a form  that  readily  allows  for  either  development  of  a new 
theory  for  estimation  or  use  of  an  existing  theory  of  estimation.  There- 
fore, once  the  models  are  established  in  a physical  form,  these  models 
still  may  be  in  a form  not  readily  adaptable  to  an  existing  theory  of  esti- 
mation. This  report  considers  taking  the  models  as  developed  in  the 
Optical  Sciences  Cpmpany  reports  entitled,  "Diffuse  Backscatter  Focal 
Plane  Statistics  for  a Laser  Transmitter /Receiver,  " [Chapter  4 of  this 
volume  (TR-270)  ] , and  "Laser  Transmitter/Receiver  Sensor  Definition 
and  Signal  Simulation,  " [Chapter  5 of  this  volume,  (TR-272)]  , and  using 
existing  realization  theory  (theory  of  obtaining  models  in  state  space  form 
from  other  statistical  forms)  in  control  theory  from  which  the  adaptive 
estimation  structure  may  then  be  readily  obtained.  The  adaptive  estima- 
tion structure  is  given  in  a form  for  immediate  programming. 

In  estimation  problems,  there  are  two  forms  that  the  information 
about  the  process  to  be  estimated  usually  take.  The  first  form  is  that  of 
a differential  (or  discrete)  equation  format.  The  second  form  is  that  of 
a covariance  function  format.  Estimation  theory  developments  using  the 
covariance  function  format  run  into  the  problem  that,  in  order  to  synthesize 
an  estimator  structure  optimal  in  the  minimum  mean  square  error  sense, 
it  is  necessary  to  spectrally  factor  a complicated  expression. However, 
in  order  to  spectrally  factor  an  expression  to  obtain  an  estimator  realiza- 
tion using  the  covariance  function  (actually,  the  power  spectral  density), 
it  is  necessary  to  have  a rational  expression.  Recent  theorles^t*  have 
advanced  the  state  of  the  art  in  estimation  theory  by  use  of  spectral  factor- 
ization, but  these  theories  are  incomplete  for  several  reasons.  First, 
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it  is  necessary  to  start  with  a rational  expression  from  the  power  spectral 
density  (PSD).  Secondly,  the  theories  available,  such  as  for  example  the 
Wiener  filter,  using  this  approach  do  not  take  into  account  the  transient 
response  of  the  estimator.  It  is  assumed  that  the  steady  state  response 
exists  (that  an  infinite  data  stream  is  available).  The  theories  available 
do  not  take  into  account  any  adaptiveness  necessary  for  adaptation  upon 
uncertain  parameters  or  uncertain  statistical  information. 

In  using  the  differential  (or  discrete)  equation  form,  it  is  necessary 
to  realize  a. state  space  model  for  the  process  from  the  deterministic  and/or 
statistical  information  about  the  process.  However,  in  accomplishing  this, 
if  a covariance  function  for  a process  is  the  only  statistical  information 
available,  it  is  necessary  to  use  existing  theories  of  realization.  Since 
the  theories  are  based  upon  certain  forms  for  the  covariance  function,  it 
is  necessary  to  place  the  function  into  the  form  which  will  lead  to  an  im- 
mediate application  of  the  realization  theory.  Once  the  state  space  model 
is  obtained,  the  existing  adaptive  estimation  theories  may  be  utilized  or 
new  theories  developed  in  order  to  obtain  the  proper  estimation  structure. 

This  report  considers  the  use  of  an  existing  theory  of  realization 
of  state  space  models  from  covariance  functions  in  order  to  develop  the 
proper  state  space  models  from  which  the  adaptive  estimator  may  be  ob- 
tained. It  also  gives  the  development  of  the  adaptive  estimator,  including 
all  assumptions  utilized  in  the  development.  Furthermore,  a computer 
pr  ogram  flow  chart  is  outlined  in  order  to  obtain  the  required  computer 
program. 

The  report  is  divided  into  sections.  The  next  section  considers 
the  problem  statement  for  the  estimation  problem.  The  third  section 
yields  the  measurement  models  for  the  problem.  The  fourth  section  con- 
tains the  model  realization  problem.  The  fifth  section  contains  the  adap- 
tive estimator  development  as  well  as  the  flow  chart.  The  last  section 
contains  the  conclusions  for  the  theoretical  development  as  well  as  sug- 
gestions for  future  development. 
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A.  2 . Problem  Statement 

The  backscattered  signal  from  the  target  is  focused  uppn  a square 
detector  array  of  4x4  elements.  As  defined  in  Report  No.  TR-272  as 
previously  referenced,  the  elements  are  of  angular  size  1/ko  X 1/ko  where 
a*  is  the  variance  parameter  of  the  transmitter/repeiver  aperture  with 
gauss ian  taper,  and  k is  the  wavenumber.  The  coordinates  of  the  centers 
of  the  ij*^  detector  are  given  in  Eq.  (5)  of  the  previously  mentioned  report 
as 


e 


ij 


(i-2-  5) 

kg 


(1) 


and 


kg 


(2) 


Each  detector  yields  an  output  which  is  a function  of  both  the  diffuse  laser 
spot  location  and  strength  and  the  glint  spot  location  and  strength.  Further- 
more, Qutputs  will  be  a function  of  the  rotation  rate  of  the  target. 

The  diffuse  laser  spot  is  centered  at  angular  location 
or  C(up/ko),  (vg/kg)}^  . The  cross  covariance  function  for  the  diffuse  signal 

at  the  ij*^  detector  with  the  detector,  from  Report  No.  TR-272,  is 


Cp(i.j:i'r;T)  = s^(i.j)  s^(i',r)exp 

X exp  (t/T)*} 


(3) 


where 


T = 


VT  R a 


(4) 


with  R the  range  to  the  target  and  a the  target  rotation  rate,  and 


S^(i,j)  =1,  exp  {[up-(i-2.5)r+[vp-(j-2.5)]8}} 


(5) 
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where  is  a constant  times  a scale  factor.  Outputs  will  be  a function 
of  the  rotation  rate  of  the  target. 

A.  3.  Measurement  Models 

The  measurement  equation  for  the  ij‘  detector  is 

yij(t)  = i {A||(i,  j,t)  + Ag(i,j,t)}a  + ^{  Aji,j,t)}*  + njj(t) 

i = 1,2.3.4 

j = 1.2,3.4  (6) 

where  A||  and  Aj^  are  the  amplitudes  associated  with  the  diffuse  signal 
part  of  the  return,  A^  is  the  glint  signal,  and  n(t)  is  zero  mean  white 
noise  with  covariance 

E {njj(t)  n,^(t')}  = 6{t-t')  (6a) 

and 

E (n^/t)  nj^^(t)}  =>  0 ■ (bb) 

for  ij  ^ ki  . Here  and  throughout  this  paper,  notation  of  the  form  of 
6(t-t'')  denotes  a Kronecker  delta  (as  distinct  from  a Dirac  delta)  function. 

The  amplitude  components  may  be  written  as 

and 

= (2I,)i/»exp|-^{[M.,-(i-2.5)P+[v«-C-2.5)]»}}  • 

i.  j = 1.2,  3,4  . (9) 
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where  and  Vp  are  the  angles  associated  with  the  laser  spot, 
and  are  the  angles  associated  with  the  glint  point,  i,  j are  the 

f H 

integers  associated  with  the  ij  element,  1^  is  the  scaling  amplitude 
for  the  diffuse  power,  is  the  scaling  amplitude  for  the  glint  power, 
and  A||  and  ^re  random  temporally-varying  factors  which  deter- 
mine the  random  temporal  variation  of  the  amplitudes.  It  is  assumed 
that  IJj  , , Vp  , , and  are  unknowns  in  the  measurement 

model,  but  that  they  are  constants  for  the  time  intervals  of  estimation. 

Therefore,  the  estimation  problem  becomes  that  of  estimating 
the  temper  ally -varying  signal  components  A||  and  Aj^  , while  simul- 
taneously estimating  the  uncertain  parameters  in  the  measurement  model, 
I . I . u , V.  , u,  , and  V.,  and  the  uncertain  rotation  rate,  a • con- 
tained  in  the  dynamic  model  for  the  random  temporally-varying  signal 
factory  A|]  and  . 

In  order  to  obtain  an  estimator,  it  is  necessary  to  develop  a per- 
formance measure  for  the  estimator.  This  performance  measure  will  be 
the  minimum  mean  square  error.  As  the  measurement  is  nonlinear,  an 
extended  estimator?*^  algorithm  will  be  used  for  the  adaptive  estimator. 
This  structure  is  based  upon  a pioment  expansion  approximation  which 
will  be  explained  later. 

The  measurement  equation  rn^y  then  be  written  as 


= 1 (■^)  l[%-(i-2.5)]  = + [v,-a-2.5)P]} 

X A|,Mi.j.t)  + (-^)''%2I^)i/2exp{-i  {[^*p-(i-2.5)]> 


+ Cv^-(j-2.5)P}-^  t[^*c-(i-2.5)?+[v,-(j-2.5)]»}j 
X A||  (i.  j.t)  + Ij  exp  -(i-2,  5)]8  + [Vj  -(j-2.  5)]=  ]J- 
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(10) 


+ k (s^)  ^} 

X Aj^  (i,  j*  t)  + njj(t)  I i,  j = 1 , 2,  3,  4 

This  equation  may  be  written  in  a simpler  form  as 

y„(t)  = Ei  ‘J  (0  )[  V (i'  j*  t)  + A • (i,  j,  t)]  + E^lJ  (6 ) A„(i,  j,  t)  + DgiJCe ) 

+ nij(t)  ' 

where  the  parameter  vector  9 = {I5  » » ''o  • contains  the  un- 

certain parameters  to  be  estimated,  and  the  D^'s  are  given  as  follows: 

I\‘J(0)  (^)  {-^C^^o-{i-2.5)]»+[v,  -(j-2.5)]^}}  . (12) 

exp|-i  {[^i,-(i-2.5)]a+[v^-(j-2.5)]a} 
-^{M,^-(i-2.5)]»+[v^-(j-2.5)]«}|  . (13) 

and 

03*1(0)  = !,  exp  -(i-2.  5)]*+ [Vg -(j-2.  5)]*  }j-  . (14) 


The  equation  for  the  y^^'s  may  be  modified  to  take  into  account  a known 
time  dependence  for  and  v,  . The  known  form  for  the  time  depen- 
dence may  contain  certain  scale  factors  and/or  other  parameters  reflec- 
ting the  uncertainty  of  the  and  v,  parameters. 
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A.  4.  State  Space  Realization 

The  basic  problem  is  to  estimate  both  the  parameters  1^  , 1^  , 

Up  , and  , Hpwever,  in  order  to  properly  estimate  these  parameters, 
along  with  the  undartain  rotation  rate,  it  is  necessary  to  also  estimate  the 
random  temporally- varying  terms,  and  . 

Fried  has  developed  the  correlation  functions  for  these  terms. 

They  are  given  as 


{'i  (i*+ j*+ 


I = 


(15) 


where  n = t/T  . The  dependency  on  i and  j denotes  not  the  ij*^ 
detector,  but  the  separation  between  the  detectors.  It  may  be  noted 
that  this  correlation  function  is  separable.  That  is,  it  may  be  written 
as 

jin)  = Sna'a  exp  i*}  exp  j®}  exp{-^na}  , 

jl  = II,  i 

In  order  to  synthesize  an  estimation  structure  that  will  yield  a 
reasonable  level  of  computations,  it  will  be  assumed  that  for  the  esti- 
mator development,  the  spatial  correlation  does  not  influence  the  prob- 
lem in  a large  manner.  With  this  assumption,  it  is  necessary  to  develop 
a differential  equation  model  for  each  ij  randomly-varying  component 
with  correlation  function 


(16) 


(t-s)=  exp  i - ^ 1 , x = i, 

1 J « J 


(17) 


The  differential  equation  model  will  allow  for  a readily  implementable 
estimator  for  the  problem. 
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In  order  to  proceed,  a particular  problem  decomposition  may  be 
made.  Consider  a c{t)  lyhere  ^13  ~ such  that 

r 

E {c(t)  c(s)}  = ^ a,  (max  (t,  s))P^(min  (t,  s)) 

• » 1 

= a (max  (t,  8))P^  (min  (t,  s)) 
for  each  ij  and  jt  = 11  » i . where 

0=  [Uj^  » Og  • • * ’ 1 ’ (19) 

and 

! 

I 

I 

i 

1 g’  (20) 

L 

Then  c(t)  may  be  written  (for  each  detector)  as 
c(t)  = m(t)  x(t) 

where  m and  x will  be  defined  later.  This  provides  a mathematical 
model  of  c(t)  which  satisfies  the  point  temporal  correlation  function 
for  c(t)  . The  definition  of  the  proper  m^  and  x^,  will  now  be  given. 

Let  A(t)  be  an  arbitrary  square  X q^  matrix  with  finite -valued 
elements  ajj(t)  . Define  the  state  transition  matrix,  $(t,  s)  which  is  a 
p X p square  matrix  with  elements  ®)  which  satisfy  the  following 

differential  equations  coupled  together 


d s) 


p 

r' 


dt 


L 

1-1 


a,,(t)  s) 


i.  j = 1.2, 


(21) 


with  initial  conditions 


*11  J = 6(i’j) 


(22) 


We  may  define  m(t)  as  the  new  vector 


iii(t)  = [nij(t),  mg(t)  , . . . , m^(t)] 


:th 


where  the  i element  is  given  as 


m 


i(t)  - ^ aj  *ij(t.to) 


i — 1.2,.,,,p 


(23) 


1=1 


In  prder  to  define  the  column  vector,  x(t)  , let  us  first  define 
some  auxiliary  variables.  Define  n(t)  as  the  column  vector 


n(t)  = 


ni(t)-| 

n,(t)  ' 


Ln;(t)J 


(24) 


.th 


with  the  i element 


n,(t)=  ^ 

1=  1 

where  0^  is  the  element  of  the  vector  in  Eq.  (20). 


(25) 


1 


- 365  - 


Define  P(t)  as  the  p X p matrix  with  ij*^  element  found  as  the  solution 
to  the  following  coupled  set  of  differential  equations 


X jn,(t)  - y P^^(t)  m^(t)|  , 


i»j  ~ l»2,...,p 


with  initial  conditions 


W = 0 


i,j  = l,2,..«tP 


Define  v(t)  to  be  the  column  vector 


y(*)  ■ 


Vp(t) 


such  that 


Y,(t)  = n,(t)-y  P,,(t)m^(t) 


i — l|2(«i.}P 


The  required  column  vector  x(t)  is  the  solution  to  the  coupled 
differential  equations  with  i^^  element 


Xj(t)  = a,^(t)  x^(t)  + Vj(t)  v(t) 
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r 


"HU- 


I 


I- 


i 


t 

[ 


where  v(t)  is  a white  noise  process  with  zero  mean  and  covariance 
E {v(t)  v(s)}  = 6(t-s) 

The  initial  condition  of  x(t)  is  left  unspecified.  However,  for  the  esti- 
mation problem,  it  is  assumed  that  x(tjj)  = 0 , with  the  reliance  on  the 
interactions  to  force  convergence. 


We  note  here  that  a property  of  $ (t,  s)  is  that  the  solution  to 
Eq.  (29)  may  be  written  as  follows  for  the  i^^  element. 


x^(t) 


p 

k=  1 


t P 


tk 


(t,  s)  x^(s)  + J (^V  t)  V^(t)^  v(t)  dT  , 

^ ~ 1,2, ...,p  . 


k=  1 


From  the  statistics  of  , we  see  that  c(t)  is  a Gaussian 

exponential  which  may  be  written  as  a simple  power  series. 


E {c(t)  c(s)}  = Site's  ^ 

u=o 


( 


■ ‘ Tf J_ 


34 


= SnS'B 


•pa  32  X®  ~ S4  X*  J 


This  may  be  written  as 

♦ 

E {c(t)  c(s)}  ««  ^ a^(t)  ei^(s) 


k*  1 
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(30) 


(31) 


(32a) 


where 


aj(t)  = 


aa(t)  = 


8n8^»  t« 
■ 64  Ta 


I 


a3(t)  = 

a4(t)  = 


Sna^a  _t_ 
32  T 

Srra^a 

64 


$ 


Pi(s)=  1 
^3(3)=  0 

e3(=)=  i 

and 

0^(s)  = ~ . (32b) 

[Note  that  Eq,  (32a)  is  unaffected  if  s and  t are  interchanged  in  Eq.  (32b).] 


For  each  of  the  two  components  of  the  amplitudes  and  each  of  the  sixteen 
detectors,  the  models  for  the  temporally-varying  components  may  be 
written  in  terms  of  the  previous  development.  Therefore,  for  each  detec- 
tor, the  parallel  component  of  amplitude  will  be  given  by  four  x's  de- 
noted as  x"  (t)  , xll  (t)  , xll  (t)  , and  x^  (t)  , where  this  ij  denotes 
. 'll 

the  ij^  detector.  The  perpendicular  components  may  be  written  as 

x-*-  (t)  , x<*-  (t)  , x-t  (t)  , and  x-t  (t)  . The  models  for  the  x's  are 

^ 13  ®ij  ®i3  * 13 

found  by  first  recognizing  that  the  o^^'s  and  Pj^'s  for  both  the  II  and  i 
components  for  each  detector  are  given  in  Eq.  (32).  These  are  used  to 
form  the  m's  and  n's  , as  in  Eq. 's  (23)  and  (25).  With  the  n's  and 
m's  , Eq.  (26)  is  used  to  solve  for  the  P's  . Eq.  (28)  is  used  to  solve 
for  the  y's  , and  Eq.  (29)  may  be  used  to  simulate  the  x's  as  well  as 
for  the  estimator  design.  Again,  we  wish  to  state  that  there  are  32 
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of  these  models,  consisting  of  4 components  each.  Once  the  x's  are 
formed,  the  measurement  equation,  as  in  Eq.  (10),  may  be  rewritten  as 


4 4 

y,j(t)  = D^iJ(e)  I mjt)  xii^  (t)j*  + ^(t) 

k»l  lt»l 

4 

+ D^iJ(e)  m^{t)  xi;^^{t)^,  + D^iJCe)  + n,^(t)  , 
k = l 

i.j  = 1 . . 4 . ( 

In  order  to  find  a discrete  form  for  the  models  for  the  x's  , we 
may  discretize  the  equation  in  Eq.  (29).  The  reason  for  this  is  to  develop 
a form  that  may  be  used  in  a digital  computer. 

The  use  of  Eq.  (30)  and  the  known  replacement  of  a Markov  process 
noise  term  with  a Markov  sequence  yields 

4 

x^(n+l)=V  #j^.£(n+l  ,n)  x^(n)  + (n)  w(n)  , (; 

r=i 

where 

( n+l ) T ^ 

r^(n)  = [ ^kA(n+i.T)  Yje(T)  dT  . (: 

nT  £ = 1 


and  with  w(n)  a white  noise  process,  zero  mean  and  variance. 


cos  (w(n))  = — 


C 


* See  Bryson  and  Ho,  Applied  Optimal  Control,  Ginn  Blaisdell,  1969. 


One  point  to  be  noticed  is  that  T is  a function  of  rotation  rate. 
Therefore,  the  r^^'s  in  Eq.  (35)  and  the  covariance  in  Eq.  (36)  are 
functions  of  the  rotation  rate.  This  is  an  explicit  dependence. 

The  next  section  considers  the  adaptive  estimator. 


A,  5.  Adaptive  Estimator 

This  section  contains  the  development  of  the  adaptive  estimator 
structure  for  the  problem.  The  structure  is  based  upon  a well-known 
expansion  technique  to  linearize  the  nonlinear  measurements.  It  will 
be  assumed  that  the  state  equations  are  in  the  discrete  time  form  [with, 

■for  example,  x(n)  replacing  x(t)  ] « We  will  use  the  notation  x(nln') 

to  indicate  the  expectation  of  x(n)  based  on  the  measurements  up  to  time 
n'  . We  will  use  the  notation  x(n|n',«Pp)  to  imply  the  expectation  of  x(n) 
based  on  the  measurements  up  to  n'  and  assuming  that  the  parameter 
set  (p  has  some  specific  values  given  by  'Pp  . We  will  write  Y(n)  = 

[y(n)  , y(n-l)  , y(n-2)  , . . .}  . 

With  this  notation,  we  have 

(37) 

(38) 


(njn')  = J ^^-^^^(nln',^^^)  p (-pp  | n' ) d-p^ 

and 

(n|n')  = J x»^^^(nln',<pp)  p('Pp  |n')  d^^ 


where  x'l  . denotes  the  jl^h  component  of  the  vector  x for  the  parallel 


'll 


component  on  the  ij*^  detector,  and  similarly,  for  x-*-^^ 

P ("P  denotes  the  probability  density  fvinction  of  'p  conditioned  on  Y(n')  . 

The  procedure  to  be  followed  is  to  find  x(n|n',^p)  for  both  the 
parallel  and  perpendicular  components  at  each  of  the  16  detectors,  and 


The  term 
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then  use  these  estimates  in  the  calculation  of  the  probabilities  for  the 
parameters.  The  form  of  the  estimator  conditioned  on  each  parameter 
set  is  given  as  follows  at  each  detector. 


and 


In+l.l)^)  = (n+ljn,  + K-L^^^^y^jCn+l) 

* 3 

- m|^(n+l)  x'l^^  jj(n+l  |n,T»p)  j 


V*  1 


m^(n+l)  i^^^j^(n+l(n..pP)®  J 


1 


k*  1 

4 g 

■ °i”^'Pp)i('^  m^(n+l)  x'l^^  jj(n+lln,'pj^ 


k=  1 


4 

+ m^(n+l)  ii^jj(n+l|n,'iv^)t  j 


I 


k*  1 


Da‘3('Pp)  m|^(n+l)  xll^^  jj(n+l  |n,'Pp)^ 

1 

D,»ns,)j 


k*  1 


where 


4 


k*  1 
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(39) 


(40) 


(41) 


and 


k*l 

for  i,  j,  i = 1, 2, 3,4  . (42) 

For  computations  of  the  gain,  it  is  necessary  to  first  compute 
V(n+l|n,'Pp)  .where  V(n+l|n,'Pp)  is  the  approximation  to  the  covariance 
of  the  mean  square  estimation  error  conditioned  on  at  time  n+1  , 

given  n measurements.  Between  measurements,  the  covariance  elements 
may  be  computed  as 

4 4 

Vjj  ” (n+1  |n,'Pp)  = Y Y ^k-p(n+l.n) ‘Vja.  Il(n|n,  1J^)  $j^q(n+l,n) 

■qa  1 T*! 

+ r,(ii,Tp)r^(n,15,)  . (43) 


where  the  superscript  denotes  the  element  for  the  parallel  component, 

and  the  subscript  denotes  the  ij^^  detector. 

The  equation  for  the  perpendicular  component  is 
, , 4 4 

Vjj  ’ (n+1  jn.'Pp)  Y 4^-(n+l,n)  V " (n|  n,  15^)  $^^(n+l , n) 

7=  1 1 

+ r,(n.'P^)r^(n|'P^)  . (44) 

The  cross  covariance  between  the  estimation  error  for  the  parallel  and 
perpendicular  components  I'  where  the  ij-detector  dependence  has 

been  eliminated  is  given  as 

Vi^jjJ-.'l(n+l|n,TX^)  = rjn.'Pp)  r^(n.'Pp)  . (45) 
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The  pertinent  equations  for  the  gain  may  be  calculated  as  follows. 


and 


Then, 


and 


4 


■ « 1 
4 


ill(n+l|n,1\,) 


■ » 1 


■IJ 


xJ-(n+l|n,^^) 


(50) 


at  measurement 


V^^^^’"(n+lln+l.'P,)=][{Mk-m)  - 


■ » 1 


ij 


xll=il\j(n+l|n,l^,)' 


} 


X V*]^^’"(n+lln,<(>^) 


ax- 


•»  1 


•13 


xJ-=  xij(n+Hn,%) 


} 


(51) 


vjj^’-^(n+l|n+l.!l>,)  =^  \ 


■ = 1 


13 


xll=x\^(n+l|'p,) 


•> 

I 


X v”*'"(n+l|n,f>) 


+ Y { 6(k-m)-Ki 


■ >1 


x-‘-=  x-‘-(n+l  |n,  ip^) 


i 


X V|j^^’‘'(n+lln.<p^) 


(52) 
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The  computations  of  the  Vs  yield  an  approximate  measure  of  filter 
performance,  as  they  are  approximate  mean  square  estimation  error 
terms.  The  K's  are  the  extended  Kalman  filter  gains  conditioned  on 
being  the  correct  parameter  vector.  This  algorithm,  called  the  ex- 
tended Kalman  filter,  yields  an  approximation  to  the  optimal  estimator 
conditioned  on  . The  approximation  made  was  that  of  linearizing 
about  the  current  best  conditioned,  estimate  of  the  state. - 

In  the  above  algorithm,  the  K's  weight  the  information.  There 
will  be  128  of  these  estimates,  four  for  the  parallel  components  and 
four  for  the  perpendicular  components  on  each  detector.  One  subroutine 
may  be  written  in  order  to  take  advantage  of  similar  computations. 


In  order  to  compute  the  necessary  probabilities  for  each  1(5^  , 

it  is  necessary  to  store  the  residuals  in  Eq.  (39)  and  Eq.  (40)  for  each 
detector.  These  residuals  use  the  measurement  minus  the  expected 
measurement  terms  in  the  above-mentioned  equations.  Also,  it  is  nec- 
essary to  store  Sjj  in  Eq.  (48)  for  each  detector.  The  residuals  will 
be  denoted  as  contained  in  the  measurements  with  the  a priori 

dynamical  information  about  the  state.  The  weighting,  is  a complex 
function  of  all  the  a priori  knowledge  of  the  system,  including  the  good- 
ness of  the  measurements  as  measured  by  the  covariance  of  the  meas- 
urement noise.  If  the  measurement  noise  is  low,  the  gains  will  be  large. 
If  the  measurement  noise  is  high,  then  the  estimator  will  weight  the 
a priori  dynamical  knowledge  heavily.  Then  the  probability  of  the  p^^ 
parameter  is 


(5^)-i/a  exp  (-^  ^^)  Pr  (?J  Y(n)) 

Pr  (1>,lY(n+l)  = — — 

V (|  )-i/a  exp  Pr  CPjY(n)) 

jt=l 


(53) 
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where 


u-ff  S',.  • 

and 

r = ^ ^ . (55) 

»•!  J*1 

This  recursive  equation  yields  the  required  knowledge  about  the  parameters. 
The  Sj^j's  yield  the  ip^-dependent  variance  of  the  measurement  residual 
system. 

The  Initial  conditions  for  x(0)  , P(0)  , and  PrfP^)  must  be  chosen 
for  each  channel  and  each  possible  parameter  vector. 

The  initial  probabilities  are  chosen  based  upon  the  a priori  know- 
ledge of  the  parameter  grid  structure.  If  all  parameters  are  equally 
likely,  then  the  initial  probabilities  may  be  chosen  to  be  Pr(^^)  = 1/q 
where  it  is  assumed  that  there  are  q possible  parameters.  It  may  be 
noted  that  Eq.  (53)  is  a recursive  equation.  That  is,  the  last  values  of 
the  probabilities,  i.e.  , Pr  {’P|,|Y(n)}  are  used  to  compute  Pr  {iPp|Y(n+l)}  . 

It  is  suggested  that  the  algorithm  be  completely  automated  so  that 
we  may  choose  different  and  higher  order  expansions.  Furthermore,  it  is 
suggested  that  the  measurement  partials  be  taken  numerically. 

With  the  above  realizations  algorithm  assumed  complete,  the 
estimation  algorithm  proceeds  as  follows: 

1.  Initialize  the  initial  guesses  for  the  parameters.  This  is  done  by 
determining  a grid  for  each  possible  parameter.  Since  there  are  seven 
parameters,  this  grid  will  be  large.  It  is  necessary  to  then  choose  the 
q's  possible  parameter  values  for  the  starting  grid  discretization. 
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The  initial  probabilities  may  be  initialized  by  letting  the  initial 
probabilities  be  1/q  . This  gives  a uniform  density  for  the  initial 
probability  density. 

It  is  necessary  to  choose  the  initial  estimates  for  the  states. 

This  includes  each  of  the  conditional  estimators.  An  adequate  guess 
may  be  zero.  It  is  necessary  to  determine  initial  values  for  the  15^- 
conditional  covariances.  V(0|0,  0^)  . A good  guess  may  be  to  take  the 
maximum  variance  of  uncertainty  for  each  amplitude  component  and  use 
this  in  the  diagonal  elements  of  the  covariance  matrix. 

2.  Once  the  initialization  is  accomplished,  then  the  simulation  is 
called  to  give  the  first  set  of  detector  measurements.  This  set  should 
include  any  possible  detector  noise.  If  it  does,  then  each  noise  term 
must  come  from  an  independent  random  number  generator. 

3.  The  detector  measurements  are  processed  through  tbe 
conditional  estimator  for  each  value  of  . This  proceeds  as  previously 
given. 

This  includes  both  a propagation  for  the  ^-conditional  covariance 
between  measurements,  the  calculation  of  the  Kalman  gain  for  the  meas- 
urement system,  the  computation  of  the  !p^ -conditional  estimate  of  the  state 
vector,  and  the  updating  of  the  covariance  matrix  at  a measurement.  Both 
the  "Pp -conditional  estimates,  the  -conditional  covariances,  the  residuals 
as  defined,  and  the  term  for  the  measurement  covariances  saved  as  output 
from  this  subroutine. 

4.  The  probabilities  of  each  "P^  are  computed  for  each  P . If  the 
probability  of  one  or  several  of  the  parameters  goes  to  zero,  then  these 
parameters  may  be  assumed  not  to  be  or  even  bound  the  true  parameter 
set,  Therefore,  these  parameters  may  be  dropped  from  the  grid  structure. 
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It  is  advisable  at  this  point  to  rediscretize  the  grid  in  order  to  more 
closely  bound  the  true  parameter  vector.  As  time  proceeds,  the  grid 
structure  will  become  finer  and  finer  until  the  parameter  vector  which 
is  the  true  one  is  learned. 


:i 


5.  Once  the  conditional  estimates  and  the  probabilities  are  ob- 
tained, then  one  can  find  the  optimal  estimate  of  the  state.  This  is 

x(n)  x(n  |n,!|>^)  Pr  CPJ  Y(n)) 

It  may  be  noted  that  the  optimal  estimate  is  a weighted  sum  of  all  the 
-conditional  estimates  where  the  weights  are  the  respective  probabili- 
ties representing  the  knowledge  or  uncertainty  of  each  respective  para- 
meter. 

6.  The  algorithm  is  repeated  until  the  chosen  final  time.  Since  the 
amplitudes  as  well  as  the  parameters  are  known,  Monte  Carlo  may  be 
used  to  develop  a sample  mean  and  sample  variance  of  the  estimation 
error  if  the  ms^ny  runs  required  in  a Monte  Carlo  may  be  accomplished 
due  to  the  increase  in  run  time. 

A.  6.  Conclusions 

This  report  gives  the  formulation  of  the  state  space  model  reali- 
zation for  the  baseline  adaptive  optics  concept  being  considered  in  this 
contract,  and  gives  the  development  of  the  adaptive  estimator  which  will 
yield  estimates  of  the  states  comprising  the  amplitude  terms  and  the 
various  system  parameters  necessary  in  the  problem. 
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